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"Again and again we experience in the 
progress of knowledge how apt we are 
to halt and stumble, again and again 
we find how little we can make 
knowledge, how we must give our 
thoughts time to grow. Therefore the 
pursuit of knowledge. Instead of ma-
king us proud and boastful, should 
make us modest and humble" (Koffka, 
1935) 
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CHAPTER 1 
PROLOGUE: THE AIM OF THE STUDY 
More than 100,000 new cases of damage to the central nervous system 
are reported every year In the Netherlands (Van Cranenburgh, 1983). About 
30% of these cases are cerebrovascular accidents (CVA or "strokes"). 
Although not all these people will suffer from a permanent loss of func­
tion, many of them (about 50%) are In need of long-term rehabilitative 
care. Beside a large group of other symptoms, disorders of motor control 
are а сошпоп finding In brain damaged persons. Therefore, one of the basic 
goals in rehabilitation is the restoration of motor control. 
The term rehabilitation refers to a multldlsciplinary approach aimed 
at reducing the impact of disabling and handicapping conditions and at the 
training of disabled and handicapped people to adapt to their (social) 
environment. In this context it Is important to make a distinction between 
the concepts: impairment, disability and handicap. Impairment refers to 
conditions characterized by disturbances at the organ level. Disability 
refers to restrictions or inabilities to perform an activity in a normal 
way, it refers to disturbances at the individual level. Handicap refers to 
the Individual's Interaction with and adaptation to his or her environment. 
The term emphasizes the given disadvantage for the individual.* 
However, in this study the term rehabilitation has been used in a more 
restricted way, it refers primarily to the (re-) learning of motor control 
following brain damage. 
Although In psychology there is a growing interest in motor behavior 
and motor control, thus far this interest has not been concerned with the 
pathologies of movement (see for an exception to this rule Kelso & Tuller, 
1981; Roy, 1978,1983). The present situation is that among those who seek 
to understand the motor functions via investigations of clinical disorders, 
those who seek to understand the behavioral processes involved in motor 
control and those who are involved In the training of patients with motor 
disorders, almost no communication exists. These three areas of study, each 
bearing a strong relationship to the others, function independently. 
Whereas in the psychological laboratory numerous attempts have been under­
taken to gain a better insight in the principles governing motor control, 
in the rehabilitation clinic, clinicians (e.g., physical therapists) went 
their own empirical way in attempting to restore motor control in patients 
suffering from motor disorders. 
One could argue that a closer relation between the motor laboratory 
and the clinic would be fruitful for both areas. The study of pathologies 
of movement has, for example, Important implications for the understanding 
of basic principles of motor control. On the other hand, theoretical con­
cepts such as feedback, knowledge of results, schema, coordinated structure 
which originated in the laboratory have Implications for the development of 
treatment procedures. 
For example, there is a great deal of evidence that intrinsic 
(proprioceptive, tactile, visual etc) and extrinsic (knowledge of results) 
* International Federation of Physical Medicine and Rehabilita­
tion: The White Book on Education and Training, second edition, 
1984. 
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feedback play an essential role in motor learning. Feedback In some form 
must be available to enable the learner to evaluate his/her performance and 
to make, if necessary, the next attempts different from the previous ones. 
Without adequate sources of information, learning will be slow and some-
times even frustrating. This is often the case with neurological patients 
suffering from motor disorders. The normal sources of information 
(proprioception, vision, tactile Information, etc.) are absent, distorted 
or insufficient, making the re-acquisition of motor control a difficult 
process. It was suggested that in these cases artificial sources of sensory 
feedback could be used. The term artificial in this context refers to the 
use of special equipment and/or procedures to inform the patient about 
essential aspects of his/her performance. One of the most frequently used 
applications of artificial sensory feedback is EMG feedback, which can be 
described as a procedure by means of which the electrical activity of a 
muscle (or muscle group) under training is fed back to the patient in 
visual and/or auditory form. Especially during the years 1975-1980 a host 
of (sometimes) spectacular reports, concerning the effectivity of this pro-
cedure appeared in the American rehabilitation literature. However, scien-
tific studies on the efficacy of EMG feedback were - and are - scarce. 
This scarcity forms the background for the research presented in this book. 
The studies are directed at the question whether EMG feedback is a more 
efficient treatment procedure than the conventional physical therapeutical 
methods. At the same time the presented material has to be viewed as an 
attempt to "translate" psychological concepts to the applied field of the 
training of patients with motor disorders. 
The book should not be read as an orthodox experimental psychological 
work. In the sense that an accepted or authoritative theory formed the 
background for a series of hypotheses which were tested in a sequence of 
experiments leading to a reformulation of the theory or to a new theory. 
Instead, an important aim of the work here reported is to bridge the gap 
between two "worlds" which, until now, have developed separately viz., the 
behavioral studies on motor control and learning and the clinical work 
focussed on the restoration of motor control. It could be that this kind of 
thesis would Irritate my sober-sided colleagues, but, and now I borrow a 
phrase from Miller, Galanter & Pribram (1960), "that would be allright, 
sober-sided colleagues deserve to be irritated" (p.4). 
Beside laboratory studies, also clinical work will be presented in 
this book. The studies are performed with fewer subjects than might have 
been desirable, but experimental clinical research is a very time consuming 
process with many practical and organizational problems. Since each neuro-
logical patient in fact is an unique case. It is very difficult to form 
homogeneous groups of patients. Often the experimental "mortality" is 
large, which further complicates the research (see also Den Brinker, 1984). 
As already argued, the book should be viewed as a modest attempt to bridge 
the gap between two worlds, worlds with different languages and different 
traditions. 
The structure of the study is as follows. In the next Chapter (Chapter 
2) a critical review is presented of the use of artificial sensory feedback 
procedures in the treatment of motor and sensory disabilities. The Chapter 
should be viewed as a prelude to the Chapters 3, 4 and 5. These three 
Chapters constitute the experimental part of the study. In these three 
Chapters the following questions are investigated: Is artificial sensory 
feedback really superior to the normal (proprioceptive, tactile, visual, 
etc.) sources of feedback in learning a novel motor task? (Chapter 3). Is 
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It a substitution of Intrinsic feedback or Is It a special category of 
knowledge of results? (Chapter A). This latter question has Important prac-
tical implications, for if the first possibility is true, Immediacy of 
information is required but if the second possibility is true, immediacy is 
not required but accuracy is. In many EMG feedback therapies, the observed 
changes in the surface electromyogram across therapy sessions constitute an 
Important parameter of therapy success. In Chapter 5 the effects of 
relevant therapeutical variables such as fatigue and repetition of the task 
on the surface electromyographic signal are investigated. It is concluded 
that these factors may confound the EMG feedback therapy evaluations. Hence 
Chapter 5 warns the user of EMG feedback against the uncritical use of the 
EMG signal and against an Important pitfall. 
After Chapter 5 we shall leave the laboratory and the reader is taken 
along on a short trip in the applied field of rehabilitation. Chapters 6 
and 7 constitute the clinical part of the thesis. Results to be reported 
are of a controlled group study with 12 hemiparetic subjects and of the 
application of a single-subject design. The group study (Chapter 6) is 
focussed on a comparison between the effects of EMG feedback treatment and 
a conventional physical therapeutical procedure (NDT). In Chapter 7 the n-l 
methodology is introduced as a possible alternative for traditional group 
research. The obtained results are not unambiguous and it can not be con-
cluded that artificial sensory feedback is superior to the conventional 
treatment techniques. 
Chapters 8 and 9 must be viewed as an attempt to relate the applied 
field of EMG feedback and physical therapy to modern theories on motor con-
trol and learning. The traditional use of EMG feedback is criticized in 
these chapters and some perspectives for future research are discussed. 
Especially in Chapter 9 these perspectives are described in greater detail. 
This final chapter is devoted to the concept of action and to the perspec-
tives this concept offers to future clinical experimental work on motor 
disorders and to physical therapy. 
Chapters 3, 5 and 8 have been published under the same title in Jour-
nal of Motor behavior, Psychophysiology and American Journal of Physical 
Medicine. Chapter 4 is in press (Psychological Research), Chapter 6 is 
submitted for publication. Chapter 2 is an extended version of two arti-
cles which appeared in Het Nederlands Tijdschrift voor de Psychologie and 
Het Nederlands Tijdschrift voor de Fysiotherapie. 
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CHAPTER 2 
THE USE OF ARTIFICIAL SENSORY FEEDBACK IN THE REHABILITATION OF 
PHYSICAL DISABILITIES: A CRITICAL REVIEW 
Theo Mulder 
In the last twenty years artificial sensory feedback (e.g., EMC 
feedback) has been accepted as a therapeutical procedure In the 
treatment of patients suffering from motor disorders. In the 
present Chapter a critical review Is given of the employment of 
several feedback techniques In motor disorders (peripheral neuro-
logical disorders, central neurological disorders, orthopedic 
disorders) and In sensory disorders. In addition to EMG feedback 
also other artificial feedback procedures are described, such as 
force feedback, position feedback, visible speech procedures, 
oculomotor feedback and vision substitution. 
2.1 Introduction 
Rehabilitation Is a multldlsclpllnary therapeutic program that focuses 
on the restoration of full physical capabilities or on the optimalizatlon 
of the patient's posiblllties. Full physical restoration, however, is 
often an impossibility and therefore the realistic and Important goal 
becomes the re-acqulsition of functional (motor) control and skills. 
Since the 1960s there has been an increasing interest in the use of 
artificial sensory feedback techniques in the re-learning of this voluntary 
control. In one of the most representative examples. I.e., EMG feedback, 
the basic procedure involves the placement of electrodes on the affected 
muscle(s), transmitting impulses to an EMG amplifier. In this way changes 
in the electrical activity of the muscle can be recorded and displayed on a 
monitor in front of the subject. Hence, EMG feedback would provide a sen-
sitive measure of the activity within a muscle or muscle group under train-
ing. It provides the patient with information from a physiological process, 
normally beyond his/her conscious awareness. Numerous studies have 
reported that EMG feedback can produce improvements in motor control fol-
lowing damage to the peripheral or central nervous system, with cerebral 
palsy or with orthopedic disorders. 
In this Chapter these studies will be critically reviewed. The aim of 
the present Chapter is to give the reader a clear impression concerning the 
many variative ways In which artificial sensory feedback has been applied 
to patients suffering from physical disorders. A further goal focusses on a 
description of the many problems EMG feedback research has to contend with 
before the procedure can be seen as a useful therapeutic technique. 
Finally, at the end of this Chapter an answer will be given to the leading 
question of this Chapter, viz., the question concerning the efficiency of 
artificial sensory feedback (EMG feedback) compared to conventional physi-
cal therapy procedures. In answering this leading question about the use-
fulness of artificial sensory feedback one criterion will be given special 
attention, namely to what extent the treatment effects obtained in the 
laboratory or clinic generalize to the performance of activities of every-
day living. Now, after two decades of clinical applications whereby EMG 
feedback has lost its "childhood" it seems justified to employ such a 
mature criterion. 
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Not only EMG feedback will be reviewed but other sensory feedback 
techniques (e.g., force feedback, position feedback, visible speech pro-
cedures, oculomotor feedback and vision substitution) will be treated In 
addition. The main emphasis will be on the treatment of motor disorders but 
also a short expose on the application of artificial sensory feedback tech-
niques to patients with sensory disorders will be given. 
However, before we direct our attention to the clinical field of (re-
)learning motor control a short summary will be presented of some basic 
concepts In skill learning. Knowing these concepts Is Important for a 
better understanding of the theoretical context In which artificial sensory 
feedback Is placed In this study (see also Chapter 8). 
2.2 Kehabllltatlon as a learning process: soae basic concepts 
For a large part the rehabilitation program can be viewed as a learn-
ing process; the patient has to develop new control strategies and skills 
(for example learning to use a (myoelectric) prosthesis, learning to walk, 
grasp etc). Often, this Is a prolonged and tedious process. 
Sensory Information of various kinds plays an essential role In the 
acquisition of skilled behavior (or functional motor control). This Infor-
mation can be classified Into Information available prior to movement 
(e.g., position of the limb, relevant aspects of the environment); Informa-
tion available to guide an ongoing response (knowledge of performance), 
which Is knowledge of the changing state of the attempts to produce a move-
ment and, finally, Information available as a result of movement. The 
latter has been termed response-produced feeedback (Schmidt, 1982), Infor-
mation feedback (Bllodeau, 1969) or learning feedback (Miller, 1953). This 
form of feedback can be further subdivided Into two classes: Intrinsic 
feedback, which refers to the wide variety of Information Inherent to the 
production of a movement (muscle spindle Information, tendon Information, 
joint-receptor Information, auditory, tactile and visual cues) and extrin-
sic Information, which Is information provided about the task, additional 
to those sources of feedback that are usually perceived when a response Is 
made (Schmidt, 1982). This extrinsic Information, also termed knowledge of 
results (KR), can be delivered to the performer In various ways and/or 
accuracies, and Is especially useful during the first stages of the 
training/therapy process (Holding, 1965) and In situations where Intrinsic 
feedback Is Insufficient (Keele, 1981). 
From experiments with normal subjects (Newell, 1976; Schmidt, 1982; 
Smith, 1962) and also from clinical reports (Herman, 1973) we know that 
responding In the absence of feedback or under conditions of minimal or 
Impaired feedback, often results in serious disturbances of performance. 
Hence, where this information is not available or Insufficient, as Is often 
the case in many patients with physical disabilities, it is essential to 
provide it. It is this kind of situation in which a therapist could pro-
fitely choose to deliver artificial sensory feedback. The rationale for 
such feedback manipulations follows the logic that an increase in the 
amount of feedback will lead to an increase in learning and performance. 
The experimental work on the control of individual motor units clearly 
showed such a possibility and in the next section this work will be 
described in short. 
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Control of individual motor units. 
Basmajian (1963, 1972, 1976, 1977, 1979) and Basmajian, Baeza & Fabri-
gar (1965) performed a series of experiments which formed an important 
impetus for the clinical application of EMG feedback. They showed that 
human subjects can be trained to control the output of a single motor unit. 
A motor unit can be described as the combination of a motoneuron, its axon 
and all the muscle fibers which are innervated by that axon. It is the 
smallest functional subdivision of the neuromuscular system. In his experi-
ments, Basmajian used the electromyographic signal to inform the subjects 
about the activity level of the muscle under training (EMG feedback). 
The experimental procedure was as follows: the raw electrical activity 
of many Individual motor units was recorded and the activity of each of 
these was displayed on an oscilloscope or tv monitor in front of the sub-
ject. The activity was also fed back in auditory form. The task of the sub-
jects was to supress the activity of all but one motor unit. They had to 
learn to control the activity of this single unit, that is, they had to 
increase or decrease the frequency, or change the order of the recruitment 
or the rhythm of the output. Hence the subjects had to acquire very subtle 
control over the output of their neuromuscular system. The EMG feedback 
informed them to what extent their attempts were successful and in this way 
it functioned as an artificial source of sensory information which 
delivered to the subjects even more adequate feedback than normal 
proprioception. The subjects used this feedback as a valuable "tool" for 
developing a control strategy. Basmajian (1972) showed that most of the 
normal subjects could learn this subtle control within 20 minutes. 
These studies seemed to indicate that normal subjects could use 
specific (artificial) sensory information for mastering a physiological 
process (motor unit activity) normally not under voluntary control. How-
ever, two important problems should be mentioned here. First, Basmajian's 
notion on single motor unit control is in contrast with the widely held 
concept in motor theory that higher motor centers do not control the 
activity of each motor unit individually. Furthermore, experiments per-
formed by Henneman, Somjen & Carpenter (1965) showed that single motoneu-
rons could be sequentially recruited only in a fixed order, determined by 
the size of their cell bodies (size principle). Henneman, Shahani & Young 
(1976) criticized the results obtained by Basmajian et al. Although they 
could replicate Basmajian's findings that human subjects could easily be 
trained to isolate single motor units and control their frequency, none of 
their subjects were ever able to change the order of the recruitment. 
In spite of the conflicting results, Basmajian's work resulted In the 
application of artificial feedback procedures in the rehabilitation of 
motor disorders. 
2.3 Motor disorders 
DeBacher & Basmajian (1977) argued that regardless of the condition 
being treated, neuromuscular re-education has three basic alms. Abnormal 
muscle activity (spasticity, tremor etc.) must be reduced, useful strength 
and control must be restored in weak or paralyzed muscles and inappropriate 
movement patterns wherein muscles hinder one another or participate in 
primitive reflex patterns must be replaced by normal coordination. Inglis, 
Campbell & Donald (1976) mentioned three arguments for the contribution of 
EMG feedback to each of these alms. 1) In using EMG feedback subjects are 
able to acquire voluntary control over very small activity units (single 
motor unit control). 2) EMG feedback allows subjects to exert very precise 
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(voluntary) control over involuntary aspects of the muscle activity (e.g., 
control of muscle tension in psychosomatic complaints). 3) EMG feedback 
can play a role in the (re)-learning of functional or goal-directed 
activity of muscles. Feedback from component muscles or muscle groups may 
allow a patient to restore the coordination between several muscles and to 
control abnormal movement patterns. The latter argument refers to the use 
of EMG feedback as a muscle re-education technique, which is seen as one of 
the most promising applications of EMG feedback (Birbaumer, 1976). 
In the next sections a review will be given of the application of this 
technique to disorders of the peripheral nervous system, to disorders of 
the central nervous system, to cerebral palsy and to orthopedic disorders. 
In addition other feedback procedures then EMG feedback will be discussed. 
2.3.1 Disorders of the peripheral nervous system 
In an early clinical study, Marinacci & Horande (I960)* treated five 
patients with facial paralysis (Bell palsy). They reported a marked 
improvement. The authors used a shaping procedure directed at the Increase 
of motor unit output. They trained their subjects for two years with posi-
tive results. No follow-up results are available. 
Booker, Rubow & Coleman (1969) in an interesting and ingenious study 
treated a female patient who fractured the petrous portion of the left tem-
poral bone in an automobile accident, severing the left facial nerve. A 
major peripheral bundle of the left spinal accessory nerve was divided 
surgically and the proximal end sutured to the distal end of the facial 
nerve. Partial reinnervation of the muscles of facial expression was now 
possible by axons which originally innervated the m. trapezius and m. ster-
nocleidomastoideus. Hence, the task for the patient was to regain voluntary 
control over the face muscles by performing shoulder movements. Conven-
tional physical therapy had been unsuccessful in providing a return of 
function. It was impossible for the patient to master this difficult sen-
sorimotor task. Therefore, EMG feedback was introduced as a possible aid. 
The therapeutical task used by Booker, Rubow & Coleman was structured as a 
tracking task in which the EMG output from the involved muscles served as a 
tracking signal. The therapy was divided into two stages, in the first 
stage the patient viewed two spots on an oscilloscope screen. The upper 
spot was a computer generated target, the bottom spot was the cursor which 
was displaced as a function of the EMG signal of the subject. The task was 
to move the cursor in synchrony with the target. In the second stage the 
patient viewed four spots. The target consisted of two upper spots, driven 
by the computer. The two lower spots represented the EMG signals from the 
left and right side of the face. The patient's task was to track the left 
target with the signal from the left facial muscles, while simultaneously 
tracking the right target with the signal from the right facial muscles. 
After preliminary training the two target dots were removed. The patient's 
task then was to keep the two cursor dots at a horizontal line during the 
displacements produced by facial movement. Training on this feedback system 
was carried out for one hour, four days a week during three weeks. The 
* Although in general Marinacci & Horande are given the honour of 
being the first therapists who used the electromyograph as a 
feedback modality, this is not correct. Already in the 1950s 
Jacobson was using the displayed EMG signal for relaxation train-
ing (Jacobson, 1973). 
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authors Indicated that after two weeks the patient began to think of facial 
movement rather than shoulder movement. After the training the patient's 
face was essentially symmetrical at rest while a minimal but acceptable 
asymmetry was present during speech and other facial movements. A follow-
up study, performed ten years after cessation of the training, showed that 
her condition was still satisfactory (Rubow & Netsell, 1979). 
Jankel (1978) presented a case study (ABA design) on the efficacy of 
EMG feedback in restoring muscle control with a patient affected by Bell 
palsy. The task was similar to the task employed by Booker, Rubow & Coleman 
(1969) as just discussed and also the results suggested that EMG feedback 
could be useful in restoring muscular control and normal facial charac-
teristics to persons with a Bell palsy. In another case study Daniel & 
Guitar (1978) presented an attempt to increase muscle activity during non-
speech and speech activities through EMG feedback. The subject, a 25 year 
old male, had a surgical anastomosis (connection) of the seventh cranial to 
the twelfth cranial nerve, five years prior to the start of the EMG feed-
back therapy. The right side of the face was immobile. The patient received 
auditory feedback and his task was to increase the frequency of the tone, 
thereby increasing lip muscle activity. The goal of the program was to pro-
duce symmetry In facial gestures for nonspeech and speech activities. The 
training lasted six months. During this period the patient received 
therapy, twice a week for about 40 minutes per session. The results indi-
cated that the muscle activity was increased considerably over the training 
period. As an index for functional improvement, videotapes were made of 
smiles, during laughter early in therapy and six months later. Results 
showed that the percentage of participation of the right side increased 
from 32 to 51% over the months of training. One year following the cessa-
tion of the therapy the facial gestures during speech were still accept-
able. 
Brown, Nahai, Wolf & Basmajian (1978) reported on two patients who 
used a mirror to supplement the EMG feedback. They were asked to concen-
trate on the specific sensations that were felt during activities such as 
smiling, sucking, blowing, eating. These techniques allowed the patients 
to be weaned from the EMG feedback in order to facilitate their own 
proprioceptive feedback mechanisms. Recently Balliet, Shinn & Bach-y-Rita 
(1983) used EMG feedback In the retraining of facial function in patients 
suffering from facial paralysis. With the combination of EMG feedback in 
addition to relaxation and awareness exercises, these patients were able to 
regain their ability to smile, frown and close their eyes voluntarily. 
Not only disorders involving the facial muscles have been treated. 
Jacobs & Feldman (1969), used EMG feedback to train local relaxation of the 
m. trapezius to break the pain-spasm-pain cycle in victims of neck inju-
ries. Two groups of ten subjects each, one consisting of normal subjects 
and the other of patients with Injury of the m. trapezius, were asked to 
relax, first under the condition where the monitoring of the relaxation 
consisted only of the proprioceptive-kinesthetic cues available to the sub-
jects, and subsequently under a condition where the electromyographic 
activity of the muscle under training was presented as a visual signal. The 
results indicated that although originally there was a greater difficulty 
in relaxation observed in the injured group, the EMG feedback enabled these 
patients to reduce muscle activity to a level indistinguishable from that 
of the normal persons. The results showed that EMG feedback facilitated 
relaxation in subjects, who because of the injury were not capable of a 
normal extent of relaxation. 
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Gray (1971) trained recovery of function in two patients with peri-
pheral nerve injury. The first, a 20 year old man had an Injury to the 
suprascapular nerve, causing weakness In the supraspinatus and infraspi-
natus muscles (muscles controlling the movements of the upper arm). At the 
start of the EMC feedback training the infraspinatus showed only a minimal 
function on a manual muscle test and only a few intermittent active motor 
units were seen. Six weeks after the beginning of EMC feedback training 
the patient was able to control Isolated single motor unit activity and 
three months later infraspinatus muscle function was normal. The second 
patient, a 28 year old man with foot drop owing to a stretched peroneal 
nerve was given weekly feedback training based on EMG activity in the m. 
tibialis anterior, which resulted in an improvement in the strength as well 
as in the functional capacity of the trained muscle. 
Hiensch (1979a,b) described the use of EMG feedback in the treatment 
of six patients who underwent a surgical transfer of the m. flexor digi-
torum superficialis of digiti four to the thumb. Therapeutical attention 
was directed at the increase of voluntary control over the opposition of 
the thumb. There were thirteen therapy sessions and the results indicated 
that the opposition function of the thumb improved substantially. 
2.3.2 Disorders of the central nervous system (CNS) 
Most of the studies describing EMG feedback concern disorders of the 
central nervous system. Following Inglis, Campbell & Donald (1976) these 
disorders will be distinguished in two categories: 1) assumed damage to CNS 
structures and 2) demonstrated damage to CNS structures. Torticollis 
spasmodlcus that will be treated first is an example of the first category, 
whereas hemiplegia following a cerebrovascular accident, forms an example 
of the second category. 
Torticollis. 
Torticollis can be described as a movement disorder resulting in a 
distorted function of the muscles of the head and neck. Often the head is 
deviated to one side. This deviation can be statical or spasmodic. The 
patients often show a disequilibrium between the activity of the right and 
left sternocleidomastoldeus and trapezius muscles. Relative overactivity of 
the muscles at the deviated side results in a rotation or tilt of the head 
to that side. The first "feedback" treatment of torticollis has been 
described by Meige & Feindel (1907, cit. by Inglis, Campbell & Donald, 
1976). They developed a therapeutical program during which the patient had 
to perform exercises in front of a mirror. They argued that "the repetition 
of the prescribed exercises should take place in front of a looking glass, 
whereby the patient may be exactly informed of any mistakes in gestures or 
attitude. He cannot otherwise judge himself of the degree of immobility 
attained and may deceive himself although he has the best intentions in the 
world, as to the real state of affairs. He does not know whether he is 
holding himself straight or not, as a general rule, but a glance in the 
mirror will correct his fault" (p. 305). 
Brudny, Grynbaum & Korein (1974) treated nine patients, suffering from 
torticollis by means of EMG feedback. The duration of the complaints varied 
from nine months to fifteen years. The therapeutical attention was 
directed on the one hand at (voluntarily) decreasing the number of spastic 
contractions of the Involved muscles (relaxation) and on the other hand at 
an increase in strength of the atrophied muscles. The therapeutical goal 
was approached by means of a shaping procedure. The training sessions 
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ranged from 30 minutes to one hour, three to five times a week during ten 
weeks. After the EMG feedback therapy seven out of nine patients were able 
to control the spastic activity. 
Two years later Brudny, Koreln, Grynbaum, Friedman, Weinstein, Sache-
Franke 1 & Beiandrea (1976) reported on a larger group (48) of patients 
which were treated by means of EMG feedback. Improvement, as rated subjec-
tively by the authors, occurred In 26 of 48 patients. However, seven of 
these patients lost their gains when followed up over periods ranging from 
three months to three years. 
In the abovementloned studies a sort of double-task was used, that Is, 
the subjects had to Increase the activity of a certain muscle while simul-
taneously the activity of another muscle had to be decreased. The results 
Indicated that torticollis patients were able to master this task. In this 
context It Is Interesting to mention that Den Brlnker (1981), In a series 
of four experiments, performed with normal subjects who had to Increase the 
activity of the m. flexor dlgltorum superficialis of digiti four (FDS) 
while simultaneously the activity of the m. flexor dlgltorum profundis 
(FDP) had to be decreased, could not replicate this result. His subjects 
only learned to decrease the FDP activity without increasing the FDS 
activity. However, it should be noted that the task used was a rather 
artificial one. 
Brierly (1967) used a different strategy, he treated torticollis 
patients with short, mild faradic shocks, administered to the wrists as 
soon as the head deviated from the normal position. He reported that after 
two short training sessions one patient was almost without symptoms. 
Although Brierly considered his treatment as eversive conditioning, he 
argued that It could be that the mild electric shock also functioned as a 
feedback signal. Cleeland (1973) reported a combination of eversive shocks 
and EMG feedback for ten subjects with torticollis. The number of training 
sessions varied from eight to twenty-three and, following somewhat subjec-
tive criteria eight out of the ten subjects showed a significant decrease 
in neck tension, that was stable over a nineteen months period. Cleeland 
(1979) expanded on these training methods with positive clinical results. 
Fernando (1977, 1979) was less optimistic and reported a percentage of 
success between 20 and 30%. Gaarder & Montgommery (1977) argued that 
succesful EMG feedback treatment was only possible with the less serious 
cases. 
Hemlparesis (and hemiplegia). 
Hemiparesis can be described as a paresis (or lessening of voluntary 
control) of one side of the body, generally as a consequence of damage to 
the pyramidal tract. The damage can be localized cortical, subcortical, in 
the capsula interna, the mesencephalon or the pons. 
Marinacci & Horande (1960) were among the first who used the electro-
myograph to facilitate neuromuscular control. Although their paper dealt 
mainly with peripheral neuropathy they did refer to a 64 year old man with 
a left hemiplegia, following a cerebral arterial thrombosis. EMG examina-
tion of the deltoid muscle revealed an absence of voluntary nerve impulses. 
Feedback based on the EMG activity of the normal deltoid was provided and 
the patient easily demonstrated voluntary control. Placing the (needle) 
electrodes back in the paralyzed deltoid now revealed the patients ability 
to generate action potentials using feedback. The same procedure was 
repeated for the triceps and the extensors and flexors in the left hand. 
Within one hour the patient was able to develop some function in the 
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muscles of the left upper extremity. Thus Marinaccl & Horande used the EMG 
to develop latent, often unexpected muscular function In a variety of 
patients with both upper and lower motor neuron paralysis. They termed this 
procedure audlo-neuromuscular re-education. 
Another early pioneer of clinical EMG feedback with central disorders 
Is Andrews (1964). He reported the results of EMG feedback with twenty 
hémiplégie patients whose condition had become stable, following the con-
ventional methods of neuromuscular re-education. The muscle selected for 
training was the one which failed to show voluntary activity on electromyo-
graphic examination. The EMG feedback was used to help instruct the 
patient to generate motor unit activity in a nonfunctioning muscle. The 
results Indicated that of the first ten patients with whom the treatment 
started, all developed motor unit activity in the paralyzed muscle within 
three minutes of the start of training and that of the twenty patients 
treated in total, only three failed to respond satisfactorily. The used 
procedure was very simple: 1) Insertion of needle electrodes into a normal 
muscle in order to acquaint the patient with the picture and sound produced 
as well as the specific mental effort required to produce voluntary muscle 
contraction. 2) The needles were then inserted into a paretic muscle and 
the patient was asked to contract it. If no action potentials appeared, the 
joint was moved passively by the experimenter and the patient was asked to 
try to follow through with the movement. 3) When a few action potentials 
appeared on the oscilloscope screen the attention of the patient was 
immediately directed to these and he/she was asked to repeat whatever 
he/she had done to produce the isolated neuromuscular potentials (Andrews, 
p. 531). 
Although these early results obtained with central disorders are 
impressive, the clinical use of EMG feedback remained rare until the 1970s. 
In the period 1970-1980, however, a host of clinical (case) studies were 
published and EMG feedback acquired the status of a useful technique. 
Johnson & Gar ton (1973) treated ten subjects with a foot dorslflexlon 
paralysis. They used auditory as well as visual feedback of the EMG 
activity of the muscles under training. Needle electrodes were Inserted 
into the paralyzed tibialis anterior muscle and the patient was asked to 
increase the EMG output of the muscle. Not a maximum EMG output was asked 
but the patients were encouraged to make only minimal but controlled 
responses. There were three training sessions of 30 minutes each. After 
these three training sessions the patient was familiarized with a portable 
feedback unit and Instructed to carry out muscle re-education exercises 
with the unit at home for a minimum of two 30-minute sessions per day. The 
purpose of the training was to improve the functional capacity of the m. 
tibialis anterior. A patient was eliminated from the program when he/she 
reached a functional level, i.e., when he/she no longer required a short 
leg brace for ambulation or when there was no further return of function 
after a one month interval. The results indicated that three (out of ten) 
patients developed a sufficiently functional and safe gait to eliminate the 
need for a brace, four patients had a clear improvement of tibialis ante-
rior function and with three patients no improvement could be observed. 
Also Amato, Hermsmeyer & Kleinman (1973) attempted to use EMG feedback 
for the improvement of gait in a hemlparetic patient. The patient, a 22 
year old man had sustained a right sided injury nine years previously which 
had resulted in left hemiparesls with spastic overlay. The patient was 
instructed to attempt dorslflexlon of the left ankle while simultaneously 
relaxing the gastrocnemius muscle. The patient was given a portable EMG 
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feedback device to take home and was Instructed to practice for 30 minutes, 
twice a day. After four months of training not only the dorslflexlon capa-
city had Increased, but also the patients gait had Improved since he was 
able to place the foot flat on the floor from heelstrike to mldstance. 
Similar results were obtained by Basmajlan, Régenos & Baker (1977); Naf-
pllotis (1976) and Seymour & Bassler (1977). 
These results seem to Indicate that the patients were able to Incor-
porate the Improved dorslflexlon capacity Into the action of walking, which 
would be an important finding since It would provide an answer to the ques-
tion concerning the generalization value of the obtained results. However, 
in our own clinical research (see Chapters 6 and 7), performed with only a 
small group of hemiparetic patients, we were not able to replicate this 
positive finding. In one case the improvement was only temporary (Mulder & 
Hulstijn, 1982), whereas in the majority of the other cases no improvements 
at all were obtained. It was argued that the efficiency of EMG feedback 
might be improved when the procedure would be directed to functional goals 
and incorporated into an entire system of therapy. Similar suggestions were 
made by Mroczek, Halpern & McHugh, 1978 and by Van Wierlngen, 1982, (see 
also Chapters 6,8 and 9 of this study). 
The study of Brudny, Korein, Grynbaum, Friedman, Weinstein, Sachs-
Frankel & Beiandres (1976) forms an exception in the sense that therapy 
aims were defined in terms of functional goals. Prior to their treatment, 
the deficient motor activity of each patient was evaluated and therapeutic 
goals defined, for example, reaching, grasping, pulling etc. The desired 
functional goals were analyzed in terms of simple tasks performed by the 
primary movers (agonists). Before the therapy started, a brief demonstra-
tion was usually carried out on a normal muscle, allowing the patients to 
understand the relationship between muscle contraction and relaxation and 
the corresponding changes In the auditory and visual displays. Initially, 
the patient's efforts were directed toward minimal volitional changes of 
the audiovisual displays of the integrated EMG activity derived from a 
functionally deficient muscle. In the next stage of training emphasis was 
placed on alternating the voluntary contraction and voluntary relaxation of 
the trained muscle in increasingly shorter time periods. Following this, 
the actual motor task (e.g., extension of the forearm) was attempted in a 
step by step manner. The therapy consisted of three to five sessions per 
week, during two to three months. The results showed that in 27 of the 39 
patients in whom the nonfunctional upper extremity was trained, the assis-
tive capacity and actual prehension was Improved. In three out of six 
patients in whom the therapeutical attention was directed on lower limb 
function, the capacity to dorsiflex the foot was Improved. 
Thus far 24 studies applying EMG feedback to patients with peripheral 
or central disorders have been reviewed. Almost all showed moderate to sub-
stantial improvement. Therefore from these results EMG feedback seems to 
be a very promising procedure for retraining motor control following damage 
to the (central or peripheral) nervous system. Although It can not be 
denied that the successes are not seldom spectacular, a number of problems 
remain which hinder an objective determination of the usefulness of EMG 
feedback. These problems concern: 1) the employed parameters of improve-
ment, 2) the lack of follow-up studies and 3) the methodological statue of 
the studies. 
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Paraaeters of Improveaent 
The abovemenCloned studies are characterized by a large variability In 
the parameters used for determining the Improvement, The most frequently 
used parameters are EMG activity, muscle strength, and range of motion 
(ROM). However, the employment of the Integrated (surface) electromyo-
graphic signal Is not without plttfals. Mulder & Hulstljn, (1984b, Chapter 
5 of the present study) showed that the surface electromyogram Is very sen-
sitive to fatigue and repetition of a task. Fatigue results In a rapid 
increase of the electromyographic activity. The authors suggested therefore 
a cautious use of the EMG, especially In situations where the electromyo-
gram Is used as an Indirect measure of force. 
Also muscle strength Is not a parameter without risks. Salter (1958) 
argued that with hemlparetic patients the assessment of muscle strength Is 
very difficult. The presence of brain stem reflexes hinder the exact deter-
mination of the muscle strength. A further point concerns the fact that an 
increase In one (or more) of these parameters contains no guarantee that 
the patient's functional capacity has also increased. 
Follow-up studies 
A further problem concerns the fact that almost no follow-up studies 
appeared in the literature. This is an important omission because without 
follow-up studies it Is difficult to separate the relatively permanent 
(i.e., learning) effects from those that are transitory and that, therefore 
should not be classified as the result of learning but rather as perfor-
mance effects. Brudny, KoreIn, Grynbaum, Beiandres & Gianutsos (1979) 
again provide one of the exceptions; they reported the long-term results cf 
EMG feedback therapy with 70 hemiparetic patients. Twenty one of these 
patients were followed for up to three years, and all of them were judged 
to have maintained the functional levels achieved during clinical sessions. 
Wolf, Baker & Kelly (1980), however, argued that although this account of 
follow-up Is admirable, little information is provided regarding the basic 
evaluative components necessary to assure that the acquired motor control 
was maintained. Therefore they reassessed the condition of 34 hemiparetic 
patients, one year after completion of the EMG feedback sessions. The exam-
inations took into account measures of muscle activity as well as total 
limb function. In general they found that there was virtually no 
deterioration in performance among the patients for whom the outcome had 
previously been graded as succesful. Since the patients continued to func-
tion within the limits of clinical improvement achieved during EMG feedback 
training, the authors concluded that EMG feedback resulted not only in a 
temporary performance effect but also in learning motor control. Wolf 
(1983) in a critical review of the use of EMG feedback with hemiparetic 
patients, concluded that if patients do not suffer from further medical 
complications then the beneficial effects of feedback to chronic stroke 
patients are maintained. 
The •ethodological statue of the studies and the problems concerning the 
transfer of therapy effects to the activities of everyday life 
A more serious problem with EMG feedback applications concerns the 
methodological status of the published studies. The majority of the reports 
provided only descriptive or anecdotal information. Only a minority of the 
studies included a control group or made use of an N=1 design to study the 
effects of EMG feedback. Swaan, Van Wierlngen & Fokkema (1974) performed 
one of the few controlled studies. They compared EMG feedback, in which 
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patients received auditory feedback about the activity In the m. peroneus 
longue with a conventional physical therapeutical technique. Because of the 
small number of patients (seven) and the heterogenety of the group they 
used a design where every subject served as his own control. All patients 
received training for six sessions, three times a week for two (consecu-
tive) weeks. Every subject was treated with a conventional physical therapy 
technique (control condition) and with the EMG feedback method (experimen-
tal condition) for ten minutes each. The order of the treatments was 
changed daily and there was a 5-minute pause between the two types of 
treatment. The purpose of the treatment was to relax the (spastic) m. 
peroneus longus while actively extending the knee. In the EMG feedback con-
dition the subject had to stretch his/her leg while suppressing the sound 
as much as possible. The conventional treatment consisted of a series of 
exercises which were repeatedly practiced during the lO-minute period. It 
was found that the EMG feedback method was more effective than the conven-
tional rehabilitation technique in suppressing undeslred activity of the m. 
peroneus longue. However, the small number of patients and the presence of 
cumulative treatment effects made it difficult to interpret these results. 
Another controlled study was performed by Basmajian, Kukulka, Narayan 
& Takebe (1975) who studied the effectiveness of EMG feedback training as 
compared to conventional physical therapy. Twenty adult hemiparetic 
patients with chronic foot drop were randomly assigned into two groups of 
ten patients each. The first group was treated three times a week over five 
weeks with therapeutic exercise and the second group was treated over five 
weeks with therapeutic exercise plus EMG feedback. In the second group, 
receiving conventional physical therapy plus EMG feedback training, the 
increase In both muscle strength and range of motion was twice as large as 
in the first group. Fish, Mayer & Herman (1976), however, criticized the 
results of this study. They argued that the two groups of patients dif-
fered from each other in several relevant aspects. Firstly, the mean dura-
tion from time of stroke was 44.7 months for the first group (physical 
therapy only) and 22.5 months for group two (EMG feedback and physical 
therapy). Although Basmajian et al. argued that the greater increases in 
muscle strength and ROM of the patients who received combined conventional 
therapy and EMG feedback training strongly supported the effectiveness of 
EMG feedback therapy. Fish et al indicated that a statistical analysis of 
the data suggested that this statement was only true for muscle strength 
(which is a measure not without risks, because of brain-stem reflexes). 
However, this criticism by Fish et al. is not totally justified, since 
Basmajian, Régenos & Baker (1977); Mlddaugh & Miller (1980) and Wolf, Baker 
& Kelly (1979) showed that duration of injury is unrelated to therapeutical 
success. 
Mroczek, Halpern & McHugh (1978) also compared EMG feedback with phy-
sical therapy for its effectiveness in training motor control in hemi-
paretic patients. They used a cross- over design, so that each patient 
served as his own control. The dependent variables were: the average elec-
tromyographic activity and active range of motion (ROM). Patients were ran-
domly assigned to two groups. During the first stage of the therapy the 
first group received EMG feedback whereas the second group received conven-
tional physical therapy. After four weeks (three treatment sessions per 
week) stage two of the therapy started and the treatment order was changed, 
that is, from now on the first group received conventional physical therapy 
whereas the second group received EMG feedback. It was shown that both EMG 
feedback and physical therapy produced a significant Increase in ROM. In 
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general there were significant increments in electromyographic activity in 
the EMG feedback condition and not in the physical therapy condition. A 
major problem with the Mroczek et al. study concerns the large differences 
in therapeutical attention between the groups. Whereas during physical 
therapy there was constant verbal feedback, touch, stimulation, explana-
tion, corrections, praise and direction of attention to the training, dur-
ing EMG feedback the affected limb was connected with the apparatus and 
subsequently the patient was left alone to train for 30 minutes with occa-
sional visits from the therapist. One could argue that the results of the 
EMG feedback condition would have been more impressive if the subjects in 
this condition had received the same therapeutic attention as the subjects 
in the physical therapy conditon. 
Prevo (1979) trained upper limb function in nine hemiparetic patients 
and compared the results obtained with EMG feedback with the results 
obtained with a conventional physical therapy treatment. The (EMG feedback) 
treatment was focussed on the increase of weak agonistic activity and 
decrease of spastic antagonistic activity. A significant improvement was 
found in the relation between agonistic and antagonistic activity for the 
EMG feedback condition but not for the conventional physical therapy condi-
tion. In both groups the isometric force output of the trained muscles 
improved. However, these effects did not transfer to the functional use of 
the limb. 
In a more recent study Prevo, Visser & Vogelaar (1983) did not find 
significant differences between conventional physical therapy and EMG feed-
back concerning the performance of voluntary movement and the function of 
the arm and the hand. The authors concluded that EMG feedback therapy had 
no extra effect on proximal and distal agonists of the hémiplégie arm, when 
compared with conventional physical therapy. 
Burnside, Tobias & Bursill (1982) compared the effects of EMG feedback 
with the results of simple exercise therapy in improving foot drop in 22 
hémiplégie patients. One group of eleven patients underwent six weeks of 
exercise therapy, two sessions a week for fifteen minutes per session; the 
second group of eleven patients underwent similar therapy with EMG feed-
back. The groups were assessed "blind" before treatment, after treatment 
and after a six weeks follow-up. The results indicated significantly 
greater improvements for the EMG feedback group compared to the control 
group. These (significant) Improvements were maintained at follow up. After 
therapy both groups showed some improvement on the range of motion and gait 
measures. At follow-up this improvement had relapsed for the control group 
while for the EMG feedback group It had been retained. 
Wolf & Binder-McLeod (1983a) compared the data from groups of chronic 
hémiplégie patients, who received lower-limb EMG feedback, with patients In 
a control (no treatment) group, patients receiving upper extremity EMG 
feedback and patients receiving general relaxation training. The EMG feed-
back group showed significant increases in active knee flexion and ankle 
dorsiflexion. However, this ability was not transferred to improved inter-
limb coordination during gait. Generally the same results were obtained 
with upper limb function. In a second study Wolf & Binder-McLeod (1983b) 
observed that although the differences between the experimental (EMG feed-
back) and control conditions were significant, the transfer to functional 
skills was only minimal. Similar results were obtained by Mulder, Van der 
Meer & Hulstijn (1983, see also Chapter 6 of this study) who showed that 
although the EMG feedback condition differed from the control condition 
(physical therapy treatment) on electromyographic measures, this difference 
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did not hold for functional measures such as range of motion, and gait 
velocity. 
Su—ary 
In this section a review was presented of nine controlled group stu-
dies directed on the application of EMG feedback with hemiparetic patients, 
which appeared since 1970. The results are conflicting, especially concern-
ing the generalization of the therapy effects to functional activities, 
which should in fact be regarded as the most relevant criterion in EMG 
feedback research, since the value of a therapeutical procedure depends for 
a greater part on the extent to which improvements in everyday-life activi-
ties can be established. Only two (out of nine) studies explicitly indi-
cated an improvement in functional skills, whereas in seven studies such a 
result was not reported. Hence, further research directed especially to 
this topic is necessary. 
Cerebral Palsy. 
The term cerebral Palsy is a general term applied to a group of symp-
toms resulting directly or Indirectly from pre-, peri- or postnatal damage 
to the developing brain. The syndrome is characterized by a loss or impair-
ment of voluntary control over muscles such as found in the arms, legs, 
tongue or eyes and/or by an inability to perform coordinated movement pat-
terns (Robinault & Denhoff, 1973). In addition to these motor problems one 
can frequently observe sensory defects, perceptual problems and/or behavior 
problems, sometimes leading to learning disorders. Until now, EMG feedback 
has been used only sporadic in the treatment of cerebral palsy patients. A 
reason for this could be found In the very complicated, multi-symptom char-
acter of the disorder (hyperreflexia, hypertonlcity, reflex radiation, 
antagonist interaction, muscular weakness, sensory deficit and poor motor 
programming). A careful application of EMG feedback could nevertheless be 
useful In the treatment of cerebral palsy. EMG feedback could play a role 
In learning subjects to suppress unwanted reflex activity, to increase 
voluntary muscle control and to develop a more functional movement pattern. 
Harrison & Connolly (1971) and Harrisson (1975, 1977) showed that, 
under laboratory conditions, spastic patients could be taught to reduce 
hypertonlcity, to relax more quickly, to maintain tension levels more pre-
cisely and to coordinate muscular activity more appropriately when EMG 
feedback is given. The patients also learned to execute patterns of 
activity in one or two muscle groups. However, it was not clear whether 
they could also achieve normal precision when more complex functional tasks 
(e.g., eating) were set. Also Goldberg (1976) showed that cerebral palsied 
subjects could acquire voluntary control of their spastic muscles with the 
help of EMG feedback. However, he pointed out that this voluntary control 
could not be maintained outside the laboratory. 
Standley & Ender, 1976; Finley, Niman, Standley & Wansley (1976) 
treated cerebral palsy patients with EMG feedback from the forehead (m. 
frontalis) in an attempt to alleviate muscle hypertonlcity, which is one of 
the major problems in cerebral palsy. All participants in the study had a 
longstanding illness history and had shown to be resistant to conventional 
forms of therapy. The seven patients who took part in the first study 
received a baseline speech and motor evaluation prior to six weeks of audi-
tory and visual EMG feedback relaxation training from the forehead. Accom-
panying a drop of almost fourteen microvolts (peak-to-peak) frontal EMG on 
the average, the patients as well as their parents reported also 
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Improvements In various speech and motor functions, a finding that was con-
firmed by objective post-treatment evaluation, where all patients showed 
Improvement In motor functions. Also Scaer, Schneider & Pierson, (1975 
cit. by Owen, Toomln & Taylor, 1975) treated cerebral palsied subjects by 
means of EMG feedback. After the treatment, which was directed to the 
Improvement of the dorslflexlon of the ankle, the patients were able to 
relax their spastic muscles as well as to strenghten their non-spastic mus-
cles In the leg. The authors reported that after therapy there was a clear 
Improvement In gait. Wolpert & Wooldrlge (1975) used EMG feedback In the 
treatment of a fourteen year old cerebral palsied girl. Pretreatment meas-
urements revealed a length difference between right and left m. 
sternocleldomastoldeus. On the left, the muscle was four cm shorter. The 
patient received simultaneous auditory information of the electrical output 
of the two muscles. The patient learned to control the muscles in a more 
efficient way and by this to improve the position of the head. A follow-up 
measurement four months after completion of the therapy showed that there 
was virtually no deterioration in performance. The length difference 
between the two muscles was decreased with two centimeters. Skrotzky, Gal-
lenstein & Osternig (1978) studied the effects of EMG feedback on four per-
sons with spastic diplegie cerebral palsy by means of a single subject 
design (multiple baseline design). Subjects received immediate auditory and 
visual feedback twice daily during ten consecutive days. EMG feedback 
training resulted in increases in the active range of motion of the ankle 
joint. Most of the learning took place in the first few sessions during 
feedback training. Although this study is one of the few in which a 
research design was used, a few problems still remain. The first problem 
concerns the small number of subjects that participated in the study; 
another problem concerns the procedure. At the beginning of the investiga-
tion one leg of the patient was designated by random choice as the experi-
mental limb, the other was named the control limb. The term experimental 
was used to describe the limb trained with EMG feedback, whereas the term 
control described the contralateral limb which was exercised without EMG 
feedback. Comparison between two treatment procedures, however, will be 
difficult with this design, because there will be substantial cross-over 
effects from the experimental leg to the control leg. 
Cataldo, Bird & Cunningham (1978) trained three cerebral palsied sub-
jects by means of EMG feedback. They employed an ABA within-subject design. 
The results indicated that EMG feedback enhanced muscle control and pro-
vided evidence for the generalization of feedback effects to non-feedback 
conditions and untrained muscles. 
In summarizing the results obtained in cerebral palsy patients, the 
parallel with the results obtained with other groups of patients is obvi-
ous. Once more, the EMG feedback therapy seems promising, nevertheless it 
is difficult to draw objective and final conclusions concerning the clini-
cal relevance of EMG feedback. Most of the studies have been carried out 
with small numbers of subjects and/or without a control condition. Some-
times additional treatment techniques were used simultaneously with the EMG 
feedback procedure. 
Orthopedic disorders. 
In general, EMG feedback has been used in the treatment of patients 
with motor disorders following damage to the central or peripheral nervous 
system. EMG feedback has been used to train relaxation of spastic muscles, 
to train activation of atrophied muscles or to train a more functional 
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coordination between agonistic and antagonistic muscles. 
However, orthopedic disorders are often characterized by motor prob-
lems also. For example, a common complication following medial menlsectomy 
le a lack of complete knee extension, often despite vlgourous rehabilita-
tive efforts. One of the treatment goals following menlsectomy Is to 
restore the full range of motion and strength for knee extension. Because 
of volitional alienation produced by pain or early fibrosis In tissues 
around the knee from Immobilization, the patient will often be Incapable of 
completing the final 15 to 20 degrees of knee extension. This portion of 
the range, however, Is blomechanlcally essential for proper gait (Murray, 
Baldwin, Gardner, Sepie & Downs, 1977; Sprenger, Carlson & Wessman, 1979). 
The functioning of the m. quadriceps appears essential In completing knee 
extension. Training of the m. quadriceps Is necessary because the muscle Is 
very vulnerable to atrophy (Lindh, 1979; Rosemeyer & Sturz, 1977). 
Sprenger, Carlson & Wessman (1979) reported a study on the effects of 
EMG feedback In Increasing the electromyographic output of the m. quadri-
ceps In patients who underwent a menlsectomy and who lacked terminal exten-
sion of the lower extremity after surgery. They treated a 28-year old man 
who suffered from a right knee Injury after an accident six years before 
surgery. Seven weeks after surgery, examination of the right knee revealed 
medial Instability and a severe loss of motion. In addition to traditional 
physical therapy, EMG feedback (Isometric contractions) of the m. quadri-
ceps (m. vastus medlalis) was Introduced. The dally feedback sessions took 
approximately 30 minutes and lasted seven days. This (experimental) patient 
was compared to a group of four (control) patients who underwent menlsec-
tomy and who received similar therapeutic programs except for the biofeed-
back. It was shown that both the experimental patient and the control 
patients had obtained full knee extension. However, while the experimental 
subject reached this level after four weeks, it took the control patients 
much longer to achieve similar improvement (range 10 - 40 weeks). 
Krebs (1961) compared the relative effectiveness of EMG feedback with 
conventional physical therapy in the recovery of m. quadriceps function 
following menlsectomy. Twenty-six patients were randomly assigned to two 
groups. One group received traditional physical therapy (20 minutes of 
isometric exercises) while the other performed 20 minutes of isometric 
exercises with EMG feedback. Pretreatment and posttreatment EMG output and 
strength were measured. The results indicated that the difference between 
pretest and posttest EMG output for the feedback group was significantly 
higher than that of the standard therapy group. 
No follow-up data are available, which is an important omission espe-
cially following a menlsectomy. Fox (1979) for example showed that of a 
large group of 806 medial menisectomies, 210 patient underwent a second 
surgical intervention within two years after the first menlsectomy and Veth 
(1980) reported that 40% of the long-term results of a menlsectomy were not 
satisfactory. 
KMG feedback or other sources of artificial sensory feedback? 
As already argued, retraining of voluntary control Is essentially a 
learning process, In which the therapist points out the desired task to the 
patient by instruction, demonstration and sometimes by passive manipula-
tion. Performance is then governed by feedback from the therapist's obser-
vations and by response-produced feedback from the patients own effort. The 
(re-)learning of a movement or a skill involves the development of an 
internal model (schema) for the desired response (see also Chapter 8). 
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Feedback Is necessary to detect mismatches between the model and the actual 
performance. If feedback Is absent, Insuflclent or Inadequate, temporary 
feedback can be provided from an artificial source. Until now, the electro-
myographic signal has been the most frequently used artificial source, and 
as have been shown, often with success, although many problems remain 
unsolved. 
EMG feedback, however. Is characterized by the fact that it delivers 
to the subject information about a process which forms the condition of a 
movement but EMG feedback is not really movement-related by itself, that 
Is, it gives no information concerning (the quality of) a movement or 
action. One could ask therefore, whether EMG information is not too 
specific to be useful for learning, since too much precision could be harm-
ful in that it could cause the subject to focus on levels of errors that 
are beyond control, ignoring more important aspects of the task. However, 
the reader has to keep in mind that EMG feedback procedures have been 
Introduced for the training of subjects with distorted motor functioning, 
often with impaired muscular activities. For these subjects the selective 
activation of muscles is impossible. One could argue that EMG feedback, 
directed to an improvement of "muscle awareness" (and control), would be 
useful, particularly during the beginning of a therapy. The EMG feedback as 
a specific source of information enables the patient to relate the Intrin-
sic cues, coining from the muscle-system to the extrinsic cues, coming from 
the EMG amplifier. The (re-)learning of this relation forms an important 
step in the reacquisition of motor control. However, after this first 
phase, aimed at the restoration of "muscle awareness", the feedback should 
be directed at the training of patterns of movement or actions. For exam-
ple, EMG feedback, in these later stages of the therapy could be directed 
on the control of a spastic muscle group during walking and the activity of 
the target muscles could be displayed during the performance of the act. 
From now on other forms of feedback, more directly related to the 
action, could play an important role in the therapy. Two forms of such 
action-oriented feedback will be discussed in the present section viz., 
force feedback and position feedback. Further forms of feedback are of 
course possible, such as information concerning the patterns of interllmb 
coordination, kinetic feedback and video feedback. 
Force feedback. 
The form of feedback that comes closest to EMG feedback is force feed-
back, since force and the integrated EMG correlate highly (see also Chapter 
5). 
Herman (1973) developed a sensory feedback device termed "Limb Load 
Monitor" (LLM), which consisted of small pressure sensors, attached to the 
patient's shoes, measuring the weight distribution across the two legs. 
The system was developed to furnish precise visual and auditory information 
of the applied vertical load of the lower limb, to assist the patient In 
the conscious control of posture, balance and muscle tone. The LLM has 
been used in patients with both musculoskeletal (e.g., amputations) and 
neurological disorders (e.g., hemiparesis) for the precise monitoring of 
partial weight bearing, to provide an orderly progression in control of 
incremental weight bearing, for sustaining maximal weight bearing and to 
regulate postural and equilibrium responses. The results indicated that 
this form of sensory feedback training during locomotion induced more pre-
cise responses than could be attained by conventional methods using 
patient-therapist interactions. 
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Wanstedt & Herman (1978) studied the device also with ambulatory heml-
paretlc patients. These patients were given auditory feedback of weight 
bearing on the affected leg in order to achieve symmetrical standing. The 
results indicated that 23 of 30 patients who participated in the study 
corrected the distribution of their weight almost immediately. The authors 
argued that the auditory feedback signal did present useful Information to 
the hemiparetic patients about their posture and that the patlente utilized 
this feedback signal to control their postural activity. 
Conrad & Bleck (1980) reported on the treatment of dynamic equinus in 
children with cerebral palsy, by means of the LLM. The results showed 
improvement in every case and in four (out of eight) patients the Improve-
ment appeared to be maintained after three months. 
Also Koheil, Shein & Mandel (1980) studied the Improvement of func-
tional skills in cerebral palsy by means of weight-bearing feedback. They 
tried to improve proximal trunk stability by training weight-bearing 
through the buttocks. They reported two single-case (ABA-deslgn) studies 
and suggested that weightbearing feedback seemed to be a promising method. 
In spite of the abovementioned promising results Seeger & Caudrey 
(1983) showed in a follow-up study (18 to 24 months after completion of the 
therapy) that most of the therapy gains had been lost since the treatment 
by means of weight-bearing feedback had come to an end. They concluded that 
the improvements acquired during therapy were not maintained over time 
without booster sessions. 
Position feedback. 
The choice of position feedback, related to action may yield advan-
tages over EMG feedback related to isolated muscles. There are two reasons: 
1) position feedback provides a distinct signal related to the activity of 
a number of muscle groups, thus informing the subject about the quality of 
an act; and 2) it is more directly related to actual functioning, that is, 
people are more aware of their movements than they are of the electrical 
activity of single muscles. 
Leiper, Miller, Lang & Herman (1981) reported a study with five cere-
bral palsied children who were given an auditory feedback signal when their 
heads tilted past a predetermined angle. After three to seven individual 
sessions all of the children improved their stabilizing skills of the head 
and neck. Three of the children were successful at self-monitoring for up 
to one hour while maintaining the head within the required zone at least 
80% of the time. Mandel, Koheil & Milner (1979) used a similar device, 
which was designed to provide auditory information in the form of a buzz 
delivered through earphones when a preset angle was exceeded. However, 
their experience indicated that although children initially responded to 
the feedback signal, they soon habituated to it or began to ignore it. 
Therefore Mandel et al devised various methods of providing feedback with 
increased positive valence In order to meet the motivational needs of the 
children. Forms of feedback that have been used included: playing music 
from a transistor radio through the earphones of the head position trainer, 
turning a television set on, running an electric train, and running a 
slot-car racing set, all with the head in the desired position. In gen-
eral, it was their experience that this meaningful feedback speeded the 
acquisition of self-regulatory responses in the cerebral palsied children 
they worked with. 
Mandel, Koheil, Herman & lies (1981) reported a single-case study In 
which they treated an 11-year old boy with congenital left torticollis. 
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They used a combination of auditory head position feedback and operant con-
ditioning (token economy procedure). The head position device warned the 
subject auditorily when his head deviated from the neutral position and the 
boy could earn a token when he managed to bring his head back to the normal 
position. These tokens (contingent rewards) could later be traded for a 
toy. The authors reported an excellent Improvement over a two-year period 
of treatment. 
Harris (1979, 1980) described a head control training and stabilizing 
apparatus that provided resistive exercise for the neck muscles, similar to 
that administered manually by practicioners or therapeutic exercise. This 
electromechanical device incorporated a position feedback operated control 
system that detected incipient motion of the head and applied opposing 
forces to counteract the motion. Harris studied the application to the 
head, neck and shoulders to determine whether subjects with cerebral palsy 
could be trained to achieve a certain degree of voluntary head stabiliza-
tion that facilitated their self-feeding and their receipt of dental care. 
The apparatus was designed to counter the tendency for the patient's head 
to move in an unpredictable fashion by means of a somewhat elastic "clamp-
ing" of the head. The involuntary head motion of the patient was stabilized 
by applying less-than-equal opposing forces (the equivalent of resistive 
exercise). The results (with two subjects) were promising and indicated a 
substantial improvement of head control after therapy. 
Another position feedback device developed by Herman (1973) was a 
standing table, modified by adding pressure sensors to it. The table was 
designed to identify, report and possibly correct improper standing posi-
tion and knee and hip alignment and to increase the balance performance of 
patients with sensorimotor deficits. The purpose of the pressure detection 
system was to alert both patient and therapist of abnormal postural move-
ments, such as undue loading of either limb, flexing the knees and hips, or 
shifting of the trunk In a posterior direction. If any of the above 
occurred, a buzzer and light source were actuated. This provided a display 
of one or more errors in body position. The instrument proved to be useful 
in attaining postural and equilibrium control In patients with both muscu-
losceletal and neurological (e.g. hemiplegia) disorders. 
In a study by Bowman, Bakers & Waters (1979), directed at the improve-
ment of wrist extension with hémiplégies, position feedback was combined 
with functional electrostimulation. Thirty subjects underwent one of two 
treatment conditions. In the standard condition the subjects received 20 
sessions of conventional physical therapy, in the experimental condition 
the subjects received 20 sessions of position feedback, combined with func-
tional electrostimulation. The position feedback display unit provided 
visual and auditory feedback of joint position to the patient. As the 
patient extended his wrist, a meter needle proportionately changed deflec-
tion and a tone increased in pitch. The sensitivity of both the meter and 
tone could be adjusted to read full scale with as little as 15 degrees of 
joint motion. A continuous digital reading in degrees was also provided. 
Once the joint angle surpassed a threshold angle set by the therapist a 
"good" light was displayed. At the end of the four-week program the exper-
imental patients showed a 280% increase in isometric extension torgue when 
the wrist was positioned in 30 degrees of extension and 70% increase when 
the wrist was positioned in 30 degrees of flexion. The standard patients 
showed no significant changes in torgue. The experimental subjects showed 
an average gain of 200% in range of motion over their starting levels, 
while the control subjects made only a 50% increase. 
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Eamshaw, Lubbock & Ellis (1981) developed a position feedback device 
termed the Exeter Posture Monitor (EPM). The EPM unit is a small, inexpen-
sive and compact electrogonlometric device which produces an audible sig-
nal, when the correct movement or position is produced. The unit was tried 
out on eleven patients, aged between 61 and 85 years. Of these, eight had 
suffered right cerebrovascular accidents. All eleven patients had dimin-
ished sensation of the affected limbs, in particular proprioception. Six of 
the eleven patients showed marked Improvement in their awareness of the 
position of the affected limb. 
2.4 Sensory disorders 
Since artificial sensory feedback procedures have been applied, not 
only to patients with motor disorders but also to patients with sensory 
disorders. In the next section this application will be treated. The 
description is far from complete, the only purpose Is to give the reader 
some idea of the employment of the procedure to this clinical field. 
Learning the deaf to speak. 
In speech acquisition the normal hearing child essentially relies on a 
continuous comparison of speech In his/her environment with his own utter-
ances. From these comparisons the child develops an internal model of the 
correct speech pattern; he/she Infers the relations between the perceptual 
characteristics of the speech sounds and their motor counterparts. 
The way the deaf child Is taught speech differs fundamentally from the 
process sketched above. The deaf child has neither an Internal model of the 
correct speech pattern nor feedback to match to the model, so there is no 
basis for knowing whether the correct movement sequence was issued. The 
only information available to the deaf child consists of instructions con-
cerning position and movements of his articulators. For his/her speech 
acquisition, therefore the deaf pupil is primarily dependent on the 
Instructions of a teacher that describe the process of speech production 
(Povel, 1974a,b). Another Important difference between the hearing child 
and the deaf child is that the hearing child hardly ever receives instruc-
tions concerning the articulators whereas the deaf child never receives 
perceptual information about speech sounds. Following the same rationale 
as with neurologically impaired persons (re-)learning motor control, one 
can argue that also in speech training to the deaf artificial feedback 
sources could be used. Povel ( 1974a,b,) developed a visible speech 
apparatus (termed the "vowel corrector") that provides to the deaf subject 
the opportunity to see aspects of his own speech output and, more impor-
tantly, to see the way this output varies with changes of the articulators. 
In Povel's training procedure, important aspects of the acoustical speech 
signal of a pronounced vowel are displayed in graphical form on a storage 
oscilloscope screen and the deaf child Is Instructed to manipulate this 
pattern. 
Nickerson, Kallkow & Stevens (1976) also used an artificial sensory 
feedback device in speech training of the deaf. They extracted a variety of 
features from throat vibrations and from the acoustic wave form and 
transformed them into a video display, which has the character of a ball 
game. When a child started to speak, a ball moved across an oscilloscope 
screen. The height of the ball was controlled by some speech feature, such 
as pitch of the voice. If this was properly controlled, the ball passed 
through a slot and dropped Into a basket and a smiling face appeared on the 
screen. Another procedure they used is the following: the teacher utters a 
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consonant-vowel combination. Features of the teachers vowel were extracted 
and displayed as a figure on the screen. The deaf subject was Instructed to 
attempt to produce an utterance that matches the teacher's utterance. 
Nlckerson et al reported some success with this method. 
Vleuoaotor and visual disorders 
In this section the attention of the reader Is directed to the use of 
artificial sensory feedback techniques In the rehabilitation of vlsuomotor 
and/or visual disorders. Two procedures will be described, viz., oculomotor 
feedback and tactile vision substitution. The term oculomotor feedback 
refers to the use of feedback procedures In relearning vlsuomotor control 
to overcome visual disorders resulting from cerebral palsy or hemiplegia. 
The term tactile vision substitution refers to a more dramatic use of feed­
back technology; here the function of the distorted visual end-organ (the 
eye) has been replaced by a tv camera under the control of the blind sub­
ject. 
OculoBOtor feedback 
Recently, sensory feedback therapy has been applied to visual disord­
ers. In order to control and reduce the effects of pathological conditions 
such as blepharospasm and glaucoma and to improve fixation In strabismus, 
amblyopia, nystagmus and oculomotor paresis, sensory feedback therapy has 
been used to achieve control over such diverse ocular functions as eye 
movements and accomodation (Brocklln, Vasche, Hlrons & YolIon, 1981; 
Cluffreda & Goldrlch, 1983; Goldrlch, 1982; Ratberg & Surwlt, 1981). Gol-
drlch (clt. by Cluffreda & Goldrlch, 1983) has developed an Instrument, 
called the Goldrlch Contour Rotator, for generating ocular feedback regard­
ing eye position, flxatlonal stability and optical resolution. The device 
provides visual eye position feedback which emerges from a slowly rotating 
matrix of dots Inducing the perceptual Illusion of a vividly rotating 
cross-shaped contour. The form, motion and stability of the contour Is 
determined by the eye's Immediate position. The contour may be voluntarily 
placed at any portion of the matrix by shifting fixation to another super-
Imposed target. Λ patient with nystagmus, whose eyes are In continuous 
oscillatory motion, perceives the contour to be In a similar continuous 
oscillation. A normal person, on the other hand, who accurately tracks the 
rotating target will see the contour and the target superimposed. If errors 
In tracking occur, the target and contour will appear to be misaligned In 
direct proportion to the direction and extent of the tracking error. As a 
source of oculomotor feedback, the apparatus provides nystagmus patients 
with Information concerning the visual consequences of their ocular move­
ments. Another device used by Goldrlch (clt*. by Cluffreda & Goldrlch, 
1983) Is a vergence monitor, which Is an audiofeedback device for detecting 
changes In ocular vergence movements. It receives eye position signals from 
an Infrared emitter-detector system and then after Integration these sig­
nals are transferred to an audio frequency oscillator. Eye movement signals 
are thus converted Into variable frequency tones. A gliding tone Is pro­
duced when the patient's eyes either converge or diverge from the pre-set 
"straight ahead" viewing position. Twelve exotropes (exotroplsm Is an ano­
maly of binocular vision In which one eye deviates outward) were trained to 
sustain and regain ocular alignment; the results of the training were 
encouraging. Six patients (out of twelve) with Intermittent exotropla made 
a full recovery after eight to seventeen sessions of feedback therapy. 
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Fiom, Kirschen & Bedell (1980) performed a study to the use of audi-
tory feedback to improve oculomotor control In twelve amblyopes (anomaly of 
monocular vision with reduced visual acuity). The main goal of the therapy 
was the development of a steady central (foveal) fixation in the amblyopic 
eye. The results indicated that with auditory feedback, all subjects 
reduced the frequency and amplitude of the abnormally large fixational sac-
cades and ocular drift amplitude and velocity. The authors argued that the 
auditory signals provided the amblyopic subject with additional and accu-
rate information regarding eye errors which made it possible to correct the 
errors and to improve oculomotor control. Gauthier & Hofferer (1983) 
designed a feedback device which used films as a visual stimulus. They 
trained cerebral palsied children in order to improve their vlsuo-
oculomotor control. The films were projected on the back of a translucent 
screen after reflection on a galvanometer driven mirror. A triangular, 
sinusoidal or square wave signal applied to the galvanometer determined and 
varied the place of the projection on the screen. As a result, in order to 
watch the scene, the child whose head was immobilized by chin and overhead 
rests, had to track the scene with appropriate triangular, sinusoidal or 
stepping eye movements. The results showed that this sort of training 
improved visuo-oculomotor control. 
Tactile vision substitution 
The most common sensory substitution systems for the blind are braille 
and the long cane. The long cane acts as a tactual kinesthetic extension of 
the travelers arm which explores the surface of the path into which his/her 
next step will carry him/her. The cane, however, is not an ideal device. 
Not all blind subjects are able to use this aid effectively and even when 
training is successful, the safety and efficiency of the blind walker does 
not approach that of a sighted person (Shingledecker, 1981). Much environ-
mental information is still unavailable, for example, a long cane user can-
not perceive overhangs nor can he/she gather information about the space in 
front of the cane tip. Thus, sensory substitution systems that allow more 
complete substitution for the lost sense are needed for optimal rehabilita-
tion. Numerous attempts have been reported during the last decade to 
develop electronic sensory aids for the blind. 
Bach-y-Rita (1972,1982,1983a) developed a tactile vision substitution 
system (TVSS). A substitute "end-organ", such as a miniature tv camera was 
placed under the control of a blind person, and the optical signals 
received by the camera were translated into stimuli applied to another sen-
sory system, the skin.Thus a visual image was translated Into a tactile 
spatial Image, delivered to the skin of the subject. Blind persons were 
trained to use this artificial sensory information as "visual" information. 
During the first stages of the training the subjects were trained to aim 
the camera towards one or another part of the surround, they were taught to 
discriminate individual lines (vertical, horizontal, diagonal or curved), 
combinations of lines (squares, triangles, circles) and solid geometrical 
forms. After these first stages, common objects were presented in varying 
positions and at different distances from the camera. In the course of time 
the blind subjects discovered visual phenomena such as shape distortion as 
a function of viewpoint and apparent change in size as a function of dis-
tance. As the training continued it became clear that the blind persons 
learned perceptual concepts, as shadows, parallax, looming and monocular 
cues of depth within surprisingly few trials. 
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However, until now the TVSS system has not been translated Into prac-
tice (Bach-y-Rlta, 1982). One major problem concerns the property of the 
visual system to receive a great deal of Information simultaneously: a 
brief flash Is sufficient to recognize a face. Calls, Sterenborg & Maarse 
(1984) showed, for example, that the processes to recognize a face at a 
single glance take about 100 ras. This kind of rapid Information processing 
Is Impossible with the TVSS system; the subjects do not perceive the 
objects Instantaneously. They must scan the object, which consumes consid-
erable time. Another problem concerns the difficulty to pick up the 
relevant stimuli out of a noisy, continuously changing environment. 
Shlngledecker (1981) describes a similar device as the TVSS which Is 
called the Optacon. The Optacon translates short sequences of printed text 
directly Into a tactile Image which Is presented to the fingertip of the 
blind reader. The display consists of a densely packed array of 144 vibrat-
ing points. Optimal legibility was obtained at a vibratory frequency of 200 
Hz and when 24 stimulus points were used to represent the vertical dimen-
sion of printed characters. The reading speed was higher when letters flew 
across the fingertip in a way similar to "running" light signs. Typical 
reading rates with the Optacon range from 12 to 50 words per minute. 
Shlngledecker (1981) argues that these relatively slow reading rates 
achieved with direct-translation aids stems from a failure to display print 
information to the skin in an optimal manner. The blind reader is, there-
fore, forced to engage in extra Intellectual activities, which place an 
excessive load on his information processing system. Therefore the blind 
reader would have little capacity left for essential activities such as 
anticipation and interpretation. 
2.5 Discussion and conclusions 
Now, in the last paragraph of this Chapter the reader expects a final 
conclusion concerning the leading question of this Chapter viz., the ques-
tion concerning the efficiency of artificial sensory feedback procedures. 
Although the results often are impressive it is not easy to give this 
definite answer, since too many problems are left unsolved, or to put It 
more clearly: it is Impossible to give a definite answer, the facts simply 
do not permit this. 
In this last paragraph these problems, which constitute in fact 
relevant questions for further research will be discussed. Since the prob-
lems concerning the parameters of Improvement, the lack of follow-up data 
and the methodological status of the reviewed studies have been mentioned 
in the section on central disorders we shall not dwell on it here. 
One of the main problems concerns the transfer of the treatment 
effects to the activities of daily living. To be clear: the reviewed stu-
dies provided no unambiguous evidence for the superiority of artificial 
sensory feedback methods, compared to conventional procedures. In the 
majority of the reported studies the Information concerning this important 
topic was scarce. Further research into this problem Is urgently needed. 
The other problems discussed in this section concern the type of disorder, 
the type and nature of the employed feedback and the relation between 
localization of the damage and the amount of recovery. 
Type of disorder. 
This problem concerns the types of disorder that are best suited for 
sensory feedback therapy. For example, Is the application of artificial 
sensory feedback more useful to disorders of the peripheral neurological 
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system than to central neurological disorders, as was argued by Herman 
(1973)? Central disorders, according to Herman (1973), are characterized 
by an Inability to program the movement, to monitor command signals, to 
Initiate skilled acts and to compare the central pattern of Intention to 
Incoming signals of the actual act. In patients with central lesions we 
have, therefore, no evidence that behavior, modulated by (artificial) sen-
sory information can be transformed Into precisely the same central pat-
terns that prevail In patients with peripheral lesions. 
The nature and type of the employed feedback 
Another Important problem concerns the nature of the feedback. Does 
artificial sensory feedback function as an external reward, reinforcing the 
correct response or does It function primarily as a source of Information 
guiding the subject to the most efficient control strategy or as a combina-
tion of both principles? 
Sachs, Talley & Boley (1976) compared the effectiveness of sensory 
feedback with the effects of reinforcement In training a coordinated move-
ment pattern to a hemlparetlc patient. Their data suggested that the 
Improvements were the results of external feedback and not external rein-
forcement. They argued that reinforcement provided the patient with suffi-
cient Incentive to utilize Information to alter the behavior but, by Itself 
reinforcement was unable to produce consistent Improvements. Similar 
results were obtained by Santee, Kelster & Klelnman (1980) who found that 
the addition of monetary Incentives enhanced the effects of EMG feedback 
training mainly through its effect on patient motivation. 
Hurd, Pegram & Nepomuceno (1980) compared the effects of actual EMG 
feedback with simulated EMG feedback in the treatment of dorsiflexlon 
paralysis and shoulder subluxation. A group of 24 hemlparetlc patients, who 
were simultaneously undergoing traditional physical therapy, were randomly 
assigned to either group 1 (actual EMG feedback) or group 2 (simulated EMG 
feedback). Those in group 1 received 10 sessions of actual EMG feedback 
over a 2 weeks period. Those in group 2 received a similar course of treat-
ment, but without their knowledge, were given simulated EMG feedback ini-
tiated by the therapist, corresponding to the patient's efforts rather than 
their actual performance or muscle activity. Both group 1 and group 2 
showed a significant Increase In muscle function, in terms of mean changes 
In active ROM. However, the difference between group 1 and group 2 was not 
significant. The authors concluded therefore that the effects of EMG feed-
back were mainly nonspecific and due to undefined (motivational) elements 
of the treatment. Also Lee, Hill, Johnston & Smiehorowskl (1976) stated in 
an earlier study that the benefit of EMG feedback was non-specific. Also 
in their study they found no significant difference between the increments 
in EMG output in the EMG feedback condition and a placebo condition. Mld-
daugh (1978) and Middaugh & Miller (1980), however, offered considerable 
support for a substantial and specific effect due to EMG feedback. The 
results were found with normal subjects, learning to abduct the big toe, as 
well as with hemlparetlc subjects. It was shown that the EMG activity was 
significantly larger during voluntary muscle contraction attempted with EMG 
feedback as compared with contractions attempted without EMG feedback. Also 
Mulder & Hulstijn (1985, see also Chapter 3 of this study) found signifi-
cant differences in EMG output between subjects learning a novel movement 
using EMG feedback and subjects receiving only visual feedback of their 
moving limb. 
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Although the results of the few studies aimed at the disentangling of 
informational, (or specific), and motivational (reinforcement or non-
specific) factors are sometimes conflicting, the results seem to indicate 
that reinforcement and motivation alone are not a sufficient condition for 
Improvement. However, in any experimental or clinical feedback-setting, 
reinforcement, motivation and information are closely related to each 
other. The displayed feedback can only have an informational function when 
the relation between the feedback and the sensorimotor domain Is under-
stood. That is, somehow the subject's nervous system must detect the con-
tiguity of the motor attempt and its perceived consequences; and this has 
to be learned. Therefore one could argue that during the first attempts, 
which are based on trial-and-error, the display fulfills a reinforcing and 
motivating function by giving immediate feedback in terms of correct-
incorrect. By comparing the changes in the audio-visual display with per-
ceived changes in the motor domain the subject discovers the relation 
between feedback and performed (or attempted) movement and from that time 
on the artificial sensory feedback mainly has an informational role, guid-
ing the subject in developing the correct control strategy. It should, how-
ever, be clear that such a strategy-shaping process, In which the subject 
slowly achieves a correct response, has a strongly motivating and reinforc-
ing effect. Therefore it seems useless and fairly academic to distinguish 
between reinforcing, motivating and Informational aspects of artificial 
sensory feedback. All aspects play a role, depending on the complexity of 
the task, the stage of training or the skill level of the subject (see also 
Povel, 1974b, for a discussion of this theme as related to the use of 
artificial feedback in speech training; see Newell, 1976, and Salmoni, 
Schmidt & Walter, 1984, for a general discussion on the role of feedback). 
A closely related question refers to the type of feedback: which type 
of feedback constitutes the most efficient way to present the information, 
that is neither redundant nor overloads the subject? Which feedback pro-
cedure is best and directed to the (re-)acquisition of functional skill? 
More research into these questions is needed. 
The relation between the locallratlon of the daaage and the aaount of 
recovery. 
Goldberger (1974) pointed out that there are a number of reasons to 
believe that recovery from lesions of non-topographical systems is greater 
than that seen after destruction of systems with a point-to-point organiza-
tion. The recovery following lesions involving the reticulospinal system 
(in the monkey), which has no topical arrangement, is both rapid and exten-
sive. In contrast, lesions involving only the hand area of the motor cortex 
provoke a loss of reflex tactile placing, whi'ch is permanent. The point-
to-point nature and specificity of the motor cortex precludes the possibil-
ity of recovery due to any sort of substitution by remaining tissue (p. 
227). Since there are clear differences in recovery from lesions of dif-
ferent parts of the central nervous system It seems important to relate 
these findings to the success or failure of (artificial sensory feedback) 
treatments. 
In summary it can be argued that before a final conclusion concerning 
the efficiency of artificial sensory feedback is possible more research 
into the abovementioned questions is necessary and of great practical 
Importance. 
In this Chapter we have been confronted with promising results, but 
also with many shortcomings. However, the search for more effective 
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rehabilitation techniques must not be stopped. In the following Chapters 
we will continue this search and go further into several of these aboveraen-
tioned questions. 
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CHAPTER 3 
SENSORY FEEDBACK IN THE LEARNING OF A NOVEL MOTOR TASK* 
Theo Mulder & Wouter Hulstij η 
The role of different forms of feedback Is examined in learning a 
novel motor task. Five groups of ten subjects had to learn the 
voluntary control of the abduction of the big toe, each under a 
different feedback condition (proprioceptive feedback, visual 
feedback, EMG feedback, tactile feedback, force feedback). The 
task was selected for two reasons. First, In most motor learning 
studies subjects have to perform simple movements which present 
hardly any learning problem. Second, studying the learning of a 
new movement can provide useful Information for neuromuscular 
reeducation, where patients often also have to learn movements 
for which no control strategy exists. The results show that 
artificial sensory feedback (EMG feedback, force feedback) is 
more powerful than "natural" (proprioceptive, visual and tactile) 
feedback. The implications of these results for neuromuscular 
reeducation were discussed. 
3.1 Introduction 
Among experimental psychologists there is a growing interest in the 
study of skilled performance and motor behavior. Since the 1960s there has 
been a clear shift from a "task-oriented" behavioristic approach toward a 
process-oriented cognitive approach. That is, motor skill researchers have 
begun to ask questions about the kind of processes occurring as the indivi­
dual performs and learns a motor response (Schmidt, 1975b). However the 
main emphasis has been on motor control per se rather than on learning. 
Indeed as Newell (1981) has stated, "skill learning is still very much the 
Cinderella of experimental psychology" (p.203). Whiting (1980) also indi­
cated that a disproportional amount of time is devoted to the study of 
motor control as compared to motor learning. 
It is obvious that for several fields of applied psychology, especially 
neuromuscular rehabilitation, more detailed knowledge of motor learning is 
urgently needed. Relevant questions in this context are the following. 
What strategy does a learner use? How are strategies modified during a 
learning process? What is the role of feedback (extrinsic and intrinsic) in 
motor learning? Which form of feedback is most efficient in the learning of 
motor control? 
The present text is focussed on the question which form of feedback is 
most efficient in learning a novel movement, that is difficult to perform 
for most subjects. Feedback is of central Importance for the development of 
motor control (Adams, 1971; Keele & Summers, 1976; Newell, 1981; Roy & Mar-
teniuk, 1974, Schmidt, 1975b, 1982), and the acquisition is directly 
related to the amount of feedback which is available to the learner 
(Schmidt, 1982). In general the role of feedback is considered in terms of 
peripheral information from the various modalities providing the substrate 
* Journal of Motor Behavior, 1985, J^, 110-128. Reprinted with 
permission. 
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for the detection and correction of movement errors (Adams, 1976; Kelso Ь 
Stelmach, 1976) and for the monitoring of unfolding behavior (keele, 1981; 
van Galen & Wing, 1984). Although there is an abundance of evidence that 
feedback is not always necessary for the control of learned movements and 
that subjects can monitor their behavior internally (Kelso & Stelmach, 
1976; Keele, 1981), it has to be, in some form, available in each learning 
situation where the learners early attempts at movement control are predom­
inantly dependent on several sources of feedback (proprioceptive, auditory, 
visual, tactile, verbal)(Adams, 1976). Several authors indicated that 
besides these "natural" feedback sources, artificial (task specific) 
sources can be used to build up appropriate motor control (Keele, 1981; 
Mulder & Hulstljn, 1984a; Summers, 1981). 
In the field of movement disorders the use of artificial feedback seems 
to be especially useful (Fernando & Basmajlan, 1978; Marinacci, 1972; Mid-
daugh, 1978; Wolf, 1983). Marinacci & Horande (see Chapter 2) presented 
one of the first succesfull applications of this feedback technology in 
neuromuscular retraining. They fed the raw electromyographic activity of 
the muscle(s) back to hemlparetic patients who were trying to control this 
activity and they observed that this immediate and accurate (visual) infor­
mation sometimes led to increased muscle control. Since then it has been 
shown in several studies on single motor unit control (Basmajlan, 1963, 
1967; Basmajlan & Samson, 1973, Harrisson & Mortensen, 1962) that EMG feed­
back could be a useful tool for learning subtle motor control. In these 
studies the subjects were trained to manipulate the output of one single 
motor unit. Many clinical studies followed and EMG feedback (as an artifi­
cial source of sensory information) was considered a promising technique 
for the restoration of motor control after brain damage. All these studies 
indicated that movement aspects which are not easily perceived consciously 
can be modified once some knowledge of them is presented to the subject 
(for a review see Inglis, Campbell & Donald, 1976; Keefe & Surwit, 1978; 
Mulder, 1984). One of the general ideas behind the use of EMG feedback is 
that since proprioceptive cues apparently do not always provide adequate 
discrlmlnable feedback of muscular activity, it should follow that a 
subject's control of motor activity might be improved if the cues were pro­
vided by an auditory or visual representation of muscle activity. This 
would facilitate the subject in learning to control the muscle. 
A movement is characterized by several aspects, which can be trained or 
have informational value. A movement, for example, is characterized, among 
others, by its range of motion (ROM), its force, efficiency, reaction time, 
smoothness, electromyographic pattern etc. Hence, EMG feedback represents 
only one aspect and in fact not even an aspect of a movement but of the 
activity level of a musсle(group), which forms the necessary background for 
a movement. Besides the electromyographic signal other artificial sources 
are used. Wannstedt & Herman (1978) used, for example, force feedback in 
teaching hemlparetic patients symmetrical standing. Mandell & Sharp (1979) 
used a helmet equiped with position sensors to train children with cerebral 
palsy to maintain stability of the head. Outside the (gross) motor domain 
Povel (1974a,b) used artificial sensory feedback techniques, based on the 
acoustic properties of the produced speech attempts, in the training of 
deaf to speak. 
To answer our question about the form of feedback which is most effi­
cient in learning a novel movement normal subjects had to learn voluntary 
control of the activity of the m. abductor hallucis. This is one of the 
Intrinsic muscles of the foot which mostly acts together with a number of 
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other muscles: m. extensor digitorum brevis, m. flexor hallucis brevis, m. 
flexor digitorum brevis, m. abductor digit! minimi and m. interosseus as a 
functional unit (Man & Inman, 1964). The muscle is considered to have a 
mixed function of abduction and flexion (Belanger & Chapman, 1977). The 
abduction function, however. Is in many persons poorly controlled, leaving 
room for improvement. The subjects in the present study had to learn the 
abduction of the big toe without moving the entire foot or the other toes. 
Belanger & Chapman (1977) and Middaugh (1978) showed that subjects were 
able to learn this movement. Their results also indicated that EMG feedback 
was a valuable source of information. However, the subjects in their stu-
dies showed a considerable initial ability to use the m. abductor hallucis. 
As already mentioned, in the present study we wish to investigate the 
learning of a motor task that is really new. Therefore we selected only 
subjects who had no initial ability to perform the abduction movement. In 
the present study "natural" sources of feedback (proprioception, vision, 
tactual information) are compared with two sources of artificial sensory 
feedback (EMG feedback, force feedback). 
The rather exotic movement which has to be performed in this study was 
selected for two reasons. First, in most motor learning experiments sub-
jects have to perform simple movements which present hardly any learning 
problem (e.g., simple arm or leg movements; tapping, positioning). There-
fore these studies are in fact not concerned with learning a new movement 
but with the application of an already existing ability. Second, studying 
the learning of such a movement can yield useful information and relevant 
knowledge for neuromuscular retraining, where patients often also have to 
learn movements for which no control strategy exists. Booker, Rubow & Cole-
man (1969), for example, described a patient who severed the left facial 
nerve in a car accident. After surgery this patient had to regain movement 
of the face muscles by performing shoulder movements. However, the patient 
could produce only minimal and uncoordinated contractions of the left 
facial muscles with gross and exagerated movements of the left shoulder. 
Conventional therapy failed to produce any results. It was impossible for 
this patient to develop a control strategy for this novel sensorimotor task 
(See also Chapter 2) Our learning task can be viewed as a "model" situation 
in studying the efficiency of the type of Information necessary for the 
acquisition of such a novel task. 
The learning of the movement was studied under five feedback conditions, 
differing in the nature and the amount of information available and one 
control condition. The training procedures involved: proprioceptive feed-
back (P), proprioceptive and visual feedback (PV), proprioceptive, visual 
and artificial sensory (EMG) feedback (PVEMG), proprioceptive, visual and 
tactile feedback (PVT) and finally propriocaptive visual, tactile and 
artificial sensory (FORCE) feedback (PVTFORCE). The control procedure (C) 
involved repeated testing without training. As the reader will note in 
each training condition a new source of Information was added (P - PV - PVT 
- PVTFORCE/PVEMG). Two artificial sources of feedback were used (EMG feed-
back and force feedback). EMG feedback was used because one could argue 
that informing the subject of the electrical activity of the target muscle 
formed an important means for controlling the output of the muscle. Force 
feedback, on the other hand, was used because moving against resistance 
(lifting a weight, pushing against something, climbing, walking etc.) is a 
relevant condition in many training situations and one could argue that a 
continuous display of the force output of a muscle (muscle strength) formed 
a relevant source of information. 
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3.2 Method 
Subjects 
Sixty Subjects (22 male, 28 female) without known neuromuscular or 
orthopedic complaints, ranging In age from 13 to 44 years, were assigned at 
random to one of the five training conditions or the control group. The 
control group was tested and retested for one session without Instruction 
or training. Each subject. In the training conditions, participated In two 
sessions, which were performed on two successive days. All subjects were 
right (foot) dominant. 
Task and Procedure 
Several weeks prior to session one the subjects underwent a test. Only 
those with a range of motion (ROM) of about zero degrees, indicating a 
total inability to abduct the big toe voluntarily, were accepted as experi-
mental subjects. Subjects with (even minimal) voluntary control were not 
accepted as experimental subjects. By applying this criterion we were able 
to study the effect of different feedback situations on the acquisition of 
a novel movement. An additional advantage of this selectivity was that 
between-subject differences in initial ability to use the m. abductor hal-
lucis were eliminated. 
The Range of Motion (ROM) can be viewed as one of the functional outputs 
of a muscle system. The ROM was measured with the subjects seated in a spe-
cially designed chair with their knees flexed at 120 degrees both feet 
resting horizontally on a sheet of paper. The "resting" position of the 
toe was measured by tracing a straight line along the medial side of the 
big toe and the first metatarsal phalangeal joint. Subsequently the sub-
ject was asked to abduct the toe as far as possible, without moving the 
whole foot or the other toes. A second line was traced and the angle 
between the first and the second line was considered as the ROM for that 
session. Each subject performed only one trial. After the ROM of the right 
(dominant) foot was measured, the ROM of the left foot was measured In the 
same way. This was done in view of the later testing of bilateral transfer 
effects. 
Each experimental session consisted of a ROM pretest, an adaptation 
period of two minutes, the training and finally a ROM post test. The train-
ing consisted of 42 trials of 30 s. The trials were interspersed with 
inter-trial restperlods of 30 s. Each "trial-block" was divided in three 
phases: (1) a 25-8 contraction period which was initiated by a low tone 
(300 Hz, 70 dB). In this phase the subject attempted to abduct the big toe 
and by trial and error to find the most efficient strategy. (2) a 5-s test 
trial, which was initiated by a high tone (1000 Hz, 70 dB). During this 
phase the subject had to abduct the toe as far as possible (or with as much 
force as possible). He/she had to maintain this maximal contraction during 
the whole 5-s period which ended with another low tone (300 Hz, 70 
dB),indicating the start of (3) a rest period of 30 s. After this rest 
period the cycle was repeated. Each session consisted of 42 of such trials. 
The training and test trials were relatively short and Interspersed with 
sufficient rest periods to prevent fatigue. 
During training the electromyographic activity of the m. abductor hal-
lucis of the right foot of each subject was recorded. Only the electromyo-
graphic results of the 5-s test trials were stored and processed. In the 
PVT and PVTFORCE conditions EMG recordings were made in conjunction with 
recordings of the force applied during voluntary contractions of the m. 
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abductor hallucis. 
Training conditions 
In all conditions the Instruction was focussed on the abduction of the 
big toe, that Is, on Increasing the range of motion. Voluntary control was 
operationally defined as the capacity to abduct the toe on command within 5 
s with a range of motion of at least five degrees which was slightly 
higher than the accidental, uncontrolled abduction movements which were 
made by the subjects. The five groups of subjects were each trained In one 
of five conditions, differing In the amount and quality of sensory feed-
back. 
1). Proprioceptive feedback (F): In this condition the ten subjects were 
seated with their legs behind a screen which prevented them seeing their 
feet. Hence they received no visual Information concerning their attempts 
to abduct the toe. No verbal knowledge of results (KR) was delivered by 
the experimenter. Therefore the main source of Information was the Intrin-
sic proprioceptive (joint and muscle receptors) "sense" of position, 
muscle-tension or movement. 
2). Proprioceptive and visual feedback (PV): In this condition visual 
feedback was available, that Is, subjects could guide their response by 
visually Inspecting the results. Also In this condition no verbal KR was 
delivered. 
3). Proprioceptive, visual, and artificial sensory (EMG) feedback 
(PVEMG): The subjects In this condition were Informed about the electrical 
activity of the target muscle (m. abductor hallucis) and thus of the suc-
cess (or failure) of their attempts to contract the muscle. Hence beside 
the proprioceptive and visual feedback they received continuous visual and 
auditory feedback concerning the electromyographic activity of the target 
muscle. The subjects In this condition had to combine the displayed EMG 
output with the awareness of the (moving) toe. The instruction was not 
directed on increasing the EMG output but on finding a way to manipulate 
(control) the signal. They were instructed to divide their attention 
between the tv screen and their (moving) toe. They had to discover the 
relationship between what they perceived on the tv monitor and what they 
attempted with the toe. 
4). Proprioceptive, visual and tactile feedback (PVT): Besides 
proprioceptive and visual feedback the subjects in this condition received 
tactile feedback. This tactile feedback was the resistance from pressing 
the great toe against a force meter. By pressing the toe against the force 
transducer the subjects received "natural" (subjective) information about 
the force of the movement. 
5). Proprioceptive, visual, tactile and artificial sensory (FORCE) feed-
back (PVTFORCE): In this condition the subjects received not only subjec-
tive information about the force from the resistance of the force meter but 
the output of the force meter was also fed back to the subjects on a tv 
monitor. The instructions for these subjects were essentially the same as 
for the subjects in condition 4. Beside these five training conditions 
there was a control condition (C). In this condition the ROM of ten sub-
jects was measured in the same way as described above. After one hour the 
measurement was repeated. Between test and retest the subject received no 
training. On the contrary they received the strict instruction not to prac-
tice the movement. 
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Apparatus 
The electromyographic signal was recorded with the aid of (stainless 
steel) surface electrodes. The Inter-electrode distance was 20 nun center-
to-center. The position of the electrodes followed Delagl & Perotto 
(1980). In order to assure the same location of the electrodes across the 
two sessions, the electrode position was marked on the skin. Together with 
a miniature preamplifier the electrodes formed a small unit In a silicone 
housing, which could be mounted on the skin by means of a vacuum pump (Van 
der Locht, Van der Straaten & Vredenbregt, 1980). The preampllfled signal 
was fed Into an Elema Schönander amplifier and transcribed on a Mlngograf 
Ink jet writer. Signals ranging from 25 - 700 Hz were amplified. The ampli-
fied signals were filtered and full wave rectified by means of a low pass 
third order Paynter filter, set at a bandwidth of 30 Hz and an averaging 
interval of 10 ms (Gottlieb & Agarwal, 1970). The filtered and rectified 
signal was fed Into a PDP-11/03 computer where It was sampled with a sample 
frequency of 200 Hz. The signal, averaged over 20 samples, was displayed on 
a tv monitor In front of the subject. The electromyographic activity was 
displayed as a continuously moving trace, reflecting the rate of muscle 
activity. A flat, horizontal trace on the basis of the screen reflected 
that no electromyographic activity was recorded from the target muscle. An 
Increasing trace represented that the subject contracted the muscle. 
In conditions PVT and PVTF0RCE subjects received tactile feedback by 
pressing against a force transducer (Kyowa 0-5 kg). The subjects were 
seated while the tested foot rested In a specially constructed device, 
based on a measuring device used by Belanger & Chapman (1977). This device, 
in which the foot was positioned, prevented movement of the foot as a whole 
but permitted movement of the big toe. However because a small force trans-
ducer was placed against the medial side of the big toe real movements were 
not possible and the task. In fact, was an isometric one. The device was 
adjustable to allow suitable positioning of the foot in relation to the 
force transducer. The foot was positioned between three adjustable plastic 
strips. The first strip lay adjacent to the metatarsophalangeal joint. The 
second strip was in contact with the lateral aspect of the calcaneum. These 
strips prevented any medial movement of the foot. The third strip was 
placed against the heel. The device was constructed such that the location 
of the foot could be held constant over the two sessions. 
In conditions PVT and PVTF0RCE the subjects were instructed to press 
their toe against the pressure transducer. The output of the pressure 
transducer was fed into the computer and in condition PVTFORCE this force 
output was displayed on a tv monitor as a moving trace whose height was 
proportional to the amount of force produced by the sideward toe pressure. 
3.3 Results 
Range of Motion (ROM) 
In this study the ROM was considered as an important index of func-
tional output of the muscle system, it reflects movement capacity and 
therefore voluntary control. Figure 3.1 shows the mean results (in degrees) 
of the different training procedures for the five conditions. 
An analysis of variance, performed on the pre-and post ROM-measurements of 
session one and session two showed a significant difference between the 
results of the five groups, F (4, 45) = 3.57, ρ < .01. Also the differences 
between pre- and posttests were significant F (1, 45) « 40.59, ρ < .01 as 
were the differences between session one and session two, F (1, 45) -
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Figure 3.1 shows the mean ROM (of the right foot) for the five 
training conditions on the pre and posttests and on the test per­
formed one week before the experiment started. 
30.45, ρ < .001, The Interaction (conditions χ sessions) was significant, F 
(4, 45)- 2.95, ρ < .05. 
First we will focus on the results of conditions P, PV and PVEMG because 
they were performed under Identical physical conditions. That Is, the 
subject's foot was not positioned In the force-recording device as in con­
ditions PVT and PVTFORCE, but rested unobstructed on a horizontal platform. 
The differences between the results of condition Ρ and condition PV on 
the one hand and the PVEMG condition on the other are striking. Perfor­
mance without visual feedback (P) is especially poor. The fact that the 
ROM curve of this condition Is positive at all is due to one subject out of 
the ten in this group, who managed to meet the learning criterion. The 
remaining nine subjects were unable to learn the desired movement. 
In condition PV the subjects could monitor their attempts visually which 
improved the results. Here four out of ten subjects meeted the criterion. A 
substantial further improvement, however, occurred with the Introduction of 
the artificial sensory feedback (EMG feedback) in condition PVEMG. In this 
condition more subjects learned the desired movement (eight out of ten) and 
the ROM was greater as well. 
In conditions PVT and PVTFORCE the subjects received tactile feedback as 
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a direct result of pressing the toe against the force transducer. In condi­
tion PVT this tactile feedback was subjective, that Is to say, the pressure 
of the skin of the big toe against the force transducer gave the subjects a 
qualitative impression of the force of their movement. Here four out of ten 
subjects exceeded the learning criterion. In condition PVTFORCE, however, 
visual Information was given concerning the force output and here eight out 
of ten subjects learned to control the abduction movement. 
"Natural" versus artificial feedback 
If one takes the results of the conditions PV and PVT together and 
compare them with the results of the conditions PVEMG and PVTFORCE, which 
is in fact a comparison between "natural" feedback and artificial sensory 
feedback, a clear difference between these two categories is seen. An 
analysis of variance, performed on the average ROM results of both ses­
sions, excluding the first pre-test measurement, showed that the mean ROM 
for conditions PVEMG and PVTFORCE taken together is significantly higher 
than the mean ROM of the other two conditions, PV and PVT F (1, 38) - 5.88, 
ρ <.05. Although tactile feedback improved the results, compared to the 
other two natural feedback conditions, it was not as succesfull as artifi­
cial feedback and, as Figure 3.1 shows the results are in between. 
Untrained left foot 
The ROM results of the five training conditions for the left untrained 
foot are shown in Figure 3.2. Although the Increase is less than was 
observed for the right (trained) foot, the same general picture is seen. 
This is of great interest because only the right foot (toe) was trained. 
Both with the right foot and with the left foot, the best results were 
obtained with artificial sensory feedback in conditions PVEMG and PVTFORCE. 
An analysis of variance performed on the ROM results of both sessions 
showed that the mean ROM for the groups PVEMG and PVTFORCE taken together 
is significantly higher than the mean ROM of the groups P, PV and PVT, F 
(1, 48) - 6.52, ρ < .01. 
Control condition (C) 
In this condition the ROM of ten subjects with no voluntary control of 
the m. abductor hallucis was measured for one session. They were tested 
and without training after one hour retested. There was a slight Improve­
ment from 0 to 0.4 degrees, averaged across the ten subjects. 
Electroayographic activity 
Figure 3.3 shows the mean electromyographic activity of the m. abduc­
tor hallucis for the five training conditions. Each datapoint in the graph 
represents the mean electromyographic activity of five successive test-
trials. The first two trials of each session were discarded. 
The electromyographic results indicate a significant difference between the 
five training conditions, F (4, 45) - 2.73, ρ < .05. Mean EMG, averaged 
over all trial blocks and both conditions and expressed in microvolts. Is 
relatively low in condition P (m » 219 uV). Visual feedback in condition 
PV improves the electromyographic output (m • 396 uV) and specific, precise 
information concerning the EMG activity in condition PVEMG improves the 
results substantially (m • 463 uV). One aspect of the EMG results is unex­
pected: the curves of the electromyographic activity show that there is not 
an increase of electromyographic activity. On the contrary, with the 
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Figure 3.2 shows the mean ROM (of the untrained left foot) for 
the five training conditions on the pre and post tests and on the 
test performed one week before the experiment started. 
exception of the results of conditions PVTFORCE and PV (session one), there 
is a slight general decrease of EMG output which is significant, F (39, 
1053) =3.19, ρ < .01. This is noteworthy because one would expect the EMG 
activity to increase with training. In session one the subjects start with 
a certain level of EMG activity, this level decreases slightly during ses­
sion one. In session two, though at a higher level, the same decline is 
present again. 
As Figure 3.3 shows the overall electrical output in conditions PVT and 
PVTFORCE is lower than in conditions P, PV and PVEMG. The mean electrical 
activity for the conditions PVT and PVTFORCE is respectively (m - 121 uV) 
and (m - 139 uV). 
Force output 
Figure 3.4 shows the mean force output, of the conditions PVT and 
PVTFORCE, averaged over 5-trial blocks. The mean force output for the PVT 
condition is (m » .95 N) and for the PVTFORCE condition the mean force 
output is (m » 1.17 N). This difference, however is not significant. 
Although the curves In Figure 3.4 give the impression that in session two 
force feedback (PVTFORCE) is superior to subjective tactile feedback (PVT), 
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Figure 3.3 shows the mean EMG activity of the a. abductor hal-
lude for the five training conditions. The curves represent the 
EMG values, averaged across blocks of five successive 5-s test 
trials. The curves are shown for session one and two. 
an analysis of variance performed on the 40 trials revealed no significant 
difference, F (1, 18) - .321. 
3.4 DiscuBslon 
The results of the present experiment support the notion that precise 
artificial sensory feedback can be a useful aid in learning motor control. 
It was shown that artificial sensory feedback (EMG feedback, force feed-
back) resulted in a significant higher Range of Motion (ROM) than training 
with natural" sources of feedback. These results differ in some aspects 
from the results obtained by Belanger & Chapman (1977) and Middaugh (1978). 
Belanger & Chapman used EMG feedback with subjects suffering from a mild 
case of hallux valgus (the most common deformity of the first metatarso-
phalangeal joint of the foot, resulting In a deviation of the position of 
the big toe leading to pain and walking problems). Their results were 
characterized by an Increase in EMG output of the m. abductor hallucis 
whereas no significant differences In the ROM were obtained. Middaugh found 
an Increase In electromyographic activity in the ra. abductor hallucie and 
an increase in ROM. However, generally EMG feedback was no more effective 
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Figure 3.4 shows the mean force output In the conditions Р Г and 
PVTFORCE. The curves represent the force values, averaged across 
blocks of five successive 5-s test trials. The curves are shown 
for session one and two. The force output is expressed in New-
tons. 
in increasing the ROM than simply allowing subjects to practice active 
abductions without EMG feedback. However, the subjects in the Middaugh 
study already had an initial capacity to abduct the toe. When a differen­
tiation was made between the subjects with some initial capability to 
abduct the toe and subjects with no initial capability it was clearly shown 
that EMG feedback was effective for the subjects with little or no initial 
use of the target muscle. Only for these subjects, with the lowest pretest 
range of motion, the ROM increase from pretest to posttest was significant. 
In the present study we only used subjects without any initial ability to 
move the toe and we could replicate the findings of Middaugh. The fact 
that in our study a (significant) decrease in EMG output was found, whereas 
Belanger & Chapman (1977) and Middaugh (1978) reported a (significant) 
increase will be discussed further in this section. 
Although in the present study the results in general are as expected, 
there are some striking details in the data which reflect some problems and 
merit discussion. For example, one would expect a direct relationship 
between the force output of a muscle and the movement capacity of the 
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muscle-joint complex. If this Is true then Figures 1 and 4 are confusing. 
Although Figure 3.1 shows a significant difference In ROM output between 
the PVTFORCE and PVT condition. Figure 3.4 shows no significant difference 
in force output between the two conditions. In order to explain this 
apparent contradiction we have to direct our attention first to the charac-
teristics of the ROM and Force measurements. There are important differ-
ences between these measurements. Recall that the ROM was measured before 
and after each experimental session. During these measurements the subjects 
had to move their toe outward. One could argue that this, in fact, was an 
optimal situation (no force requirements, no mechanical resistance). In 
this situation the maximum ROM was measured. Now compare this situation 
with the force measurements. During these measurements, performed at the 
end of each trial block, the subjects had to generate as much force as pos-
sible (against resistance) during 5 s whereas the mean force output was 
calculated. This was. In fact, a less optimal situation. Second, one could 
argue that there are differences in difficulty between the two tasks. The 
production of a (just learned) movement in a free (unconstrained) situation 
is easier than the production of force under a constrained condition, which 
requires very subtle control. A third remark concerns the instruction which 
was not directed to force production but to movement (ROM) output. 
Another unexpected aspect in the data of the present study concerns the 
electromyographic results. In general the electromyographic output of a 
muscle can be considered as an objective representation of muscular 
activity (at least when fatigue is controlled). Therefore one would expect 
an increase in electromyographic activity as a result of training. This 
expectation, however, is not confirmed by the data, which indicated a sig-
nificant general decrease in electromyographic output. How can these 
results be explained? DeVries (1968), Metz (1971) and Ludwig (1982) 
described the EMG decrease in a (similar) motor learning situation in terms 
of an increased efficiency of a muscular process. They argued that, as a 
result of training, the involved muscle(s) become more effective in produc-
ing tension, that Is to say, either fewer motor units need to be recruited 
or the same motor units can be fired at lower rates to produce a given 
force. 
Another explanation for the EMG decrease could be that in the beginning 
of a learning process the subjects do not have the capacity to activate the 
appropriate muscle(s) selectively. Thus they activate not only the target 
muscle but a whole group of muscles (co-contraction). This form of mass 
activity results in a high EMG level. This level decreases when the sub-
jects develop selective muscle control. 
A final explanation for the decreased EMG output could be a motivational 
one. One could argue that the subjects lost their motivation and interest 
In the task. However If this is true, it is difficult to explain the sig-
nificant difference between the ROM results of the five conditions. 
A last point which has to be made about the EMG decrease is that this 
finding is contrary to the results of Middaugh (1978), who found a signifi-
cant increase in electromyographic activity. However Middaugh used rela-
tively long test contractions (one minute) and therefore fatigue could have 
played an important but confounding role, since fatigue results In a rapid 
increase in surface electromyographic activity (Mulder & Hulstijn, 1984b). 
There are some striking differences between the results of the condi-
tions without tactile feedback (P,FV and PVEMG) on the one hand and the 
conditions with tactile feedback (PVT and PVTFORCE) on the other hand. In 
conditions PVT and PVTFORCE the electromyographic activity is much lower 
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than In conditions P,PV and PVEMG. Since all other variables were constant 
and the subjects were assigned randomly to the conditions, the reason for 
this difference roust be sought In the characteristics of the task. In con-
ditions P, PV and PVEMG the subjects received no tactile Information con-
cerning the force output and their foot was not positioned In a measuring 
device. In contrast, the task In conditions PVT and PVTFORCE had to be per-
formed In a more constrained situation. It can be argued that pressing with 
the big toe against a force transducer Is a task characterized by very 
careful and subtle adjustments. The main goal of the subjects was to keep 
the toe against the force transducer and to Increase the force very care-
fully. In conditions P, PV and PVEMG, on the other hand, the subjects may 
have used a different strategy, attempting to "propel" the toe outward. 
Such a strategy could have resulted in a high and very variable energy con-
sumption, which was reflected in the electromyographic activity. 
In condition PVEMG the subjects received information concerning the suc-
cess of their attempts, as was the case in condition PVTFORCE. However, an 
important difference between the two artificial sources (EMG and force) has 
to be mentioned. EMG feedback provides the subjects with information about 
a process which forms the background of a movement, the (electromyographic) 
activity of the muscle(s). The running trace on the tv monitor, reflecting 
the electrical output of the target muscle, served as a very specific 
source of information. This information may lead to a "fixation" on the EMG 
output and to rapid adjustments of the employed strategy, leading to a 
higher EMG output. Force feedback on the other hand, can be viewed as 
information concerning the result of a movement. Together with the other 
above mentioned differences, it is possible that force feedback resulted In 
a different learning strategy requiring less energy and resulting In a 
lower and less variable electrical output. To explain the electromyographic 
differences one could also argue that in the conditions PVT and PVTFORCE 
the subjects were obstructed in their attempts by the measuring device, 
whose construction was too rigid to allow exessive movements. However, if 
this were true, it is difficult to see why their functional output 
increased. 
Bilateral Transfer 
In the present study the ROM performance of the left (untrained) foot 
was measured to examine bilateral transfer effects. The motivation for 
doing this was a suggestion of Glencross (1980) who mentioned an older 
study of Milisen & Riper (1930). In that study bilateral transfer effects 
were found in learning a novel motor task. Also work by Rosenbaum (1977) 
and writing demonstrations by Raibert (cit. by Keele, 1981) suggest that 
the same program can be executed by different limbs. Shapiro (cit. by 
Schmidt, 1982) used a wrist-twist task. Her subjects had to practice this 
task with the right hand for five days. After five days of practice she 
asked the subjects to perform the same movements with the left hand. She 
found that the activity patterns for the trained right hand and the unprac-
ticed left hand were similar. Older work by Gibson, Jack & Raffel (1932) 
showed that even conditioned reflexes exhibited bilateral transfer, impli-
cating some central contribution. Work by Cook (1939), performed in an area 
of study he called cross education provided evidence about the transfer of 
a movement learned in one part of the body to another. Transfer was found 
to be greatest to the muscle group opposite and symmetrical. Logan & Lock-
hart (1962) report contralateral transfer of strength from the knee exten-
sors of the trained leg to the knee extensors of the untrained limb. 
41 
These studies (see also Keele, 1981) stress the fact that a motor pro-
gram Is an (abstract) representation of a movement (action) which can be 
Implemented by entirely different muscle combinations. The learned capacity 
Is more abstract than the muscles to which It Is applied. The bilateral 
transfer found In the present experiment Is congruent with this Idea. In 
this connection It Is noteworthy that the transfer was larger In the PVEMG 
and PVTFORCE conditions. It seems that, at least under the conditions of 
this study, the artificial feedback was Important for the development of 
such a motor program. 
The acquisition of voluntary control 
The subjects In our study had to develop voluntary control of the toe 
movement, they had to learn the capacity to perform the desired movement. 
We will call this capacity a motor program. Because the movement In the 
present study was a very simple one (as in most motor studies) it is not a 
complex program, regulating a sequence of actions. It is simply the 
"knowledge" how to perform the one-degree-of-freedom movement required in 
the experiment. 
The results of this study indicate that in this experimental situation, 
proprioceptive feedback alone was not sufficient for developing such a 
motor program. The continuous display of EMG or force output functioned in 
this study as an important extra source of information. Another possibil-
ity is that the continuous display of the EMG or force output has only tem-
porary performance effects, perhaps through some kind of motivational 
effect. Thus it could be that when these temporary effects were allowed to 
dissipate with rest, the effects of artificial feedback would vanish and 
performance would regress to the original level (see Schmidt, 1982). To 
answer this question a follow-up analysis would be necessary. The ROM 
results in the present study (Figure 3.1) indicated that from the post 
measurement of session one to the pre measurement of session two, there is 
no substantial decline in performance. These results suggest that artifi-
cial sensory feedback has not only a performance effect but also an effect 
on learning the movement. 
The role of artificial sensory feedback in learning the toe abduction 
Learning a movement is a sensorimotor task that is largely dependent 
on feedback. In situations where feedback is absent or inadequate, (artifi-
cial) feedback can be used. In the present study the integrated surface 
electromyogram and the force output of the m. abductor hallucis were used 
as such artificial feedback sources. The expectation was that the continu-
ous display of this output would function as an important source of infor-
mation which would have a positive effect on learning the movement of the 
big toe. Generally this expectation was confirmed. However, the following 
Important question remains, viz. why is EMG (or force) feedback superior to 
"natural" sources of feedback. To answer this question we have to look at 
how the EMG and force information was used by the subjects. 
Recall that the Instruction was not to increase the EMG or force signal 
but to discover the relationship between what they tried to do with their 
toe and what they perceived on the screen. In other words, they had to use 
the information for the development of a successful strategy. One could 
observe that the subjects used the EMG signal for making subtle adjustments 
In their toe movements. Although in the beginning their attention was 
mainly focussed on creating a visible output (by means of contracting many 
irrelevant muscles), they gradually learned to control the muscle 
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selectively. As already mentioned artificial sensory feedback (e.g., EMG 
feedback) is especially useful in situations where an insufficient amount 
of information is available, that Is, in situations where one is not aware 
of what to do to perform an appropriate response. In this situation the 
"natural" (proprioceptive, visual and tactile) feedback sources are often 
not (task-)speclfic enough. Displaying the force and/or EMG output of the 
target muscle directs the attention of the subjects to these parameters, 
that is to say, the subjects are more or less "forced" to try to manipulate 
this output. Therefore the learning effort is directed on manipulation of 
the displayed signal. This specificity of information Is the main differ-
ence between "natural" and artificial sensory feedback and this specificity 
is successfully used by the subjects for developing the motor program 
("knowledge") to abduct the toe. Another important aspect of the artificial 
feedback concerns the accuracy of the information. (In Mulder and Hulstijn, 
1984a, a more elaborate theoretical analysis of artificial sensory feedback 
and motor control is given). Artificial sensory feedback provide subjects 
with a basis for changing the attempts on the subsequent trial, thus guid-
ing the learner to the correct strategy. In the present study highly 
specific information seemed to be critical for learning, without this 
information little or no improvement occurred. 
Concluding remarks: Implications for neuromuscular rehabilitation. 
The results indicate better learning in the artificial sensory feed-
back conditions. The results not only show the possibility to use artifi-
cial feedback sources for the development of motor control but also suggest 
that this form of task-specific feedback can even be more efficient than 
"natural" feedback. These results have implications for neuromuscular reha-
bilitation where patients often also have to learn new movements. Although 
the study was performed with normal subjects, we think these results 
nevertheless provide support for the use of such artificial feedback tech-
niques in neuromuscular rehabilitation. An optimal strategy might be that 
a therapy starts with feedback of the electromyographic activity of the 
target muscles. The patient should use this new source of Information for 
the development of voluntary control of muscle contraction. After this 
first phase. In which the goal is to develop a "muscle sense", the second 
phase has to be directed to the control of natural movements or total 
actions. In this second phase Information on relevant aspects of the move-
ment or action (e.g., kinematic details) should be given. 
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CHAPTER 4 
DELAYED SENSORY FEEDBACK IN THE LEARNING OF A NOVEL MOTOR TASK* 
Theo Mulder & Wouter Hulstij η 
Generally the therapeutical effect of EMG feedback Is viewed In 
terms of the immediate contiguity between response and informa­
tion. According to this view any feedback delay would deteriorate 
the result. In this article the validity of this notion has been 
investigated. Three groups of normal subjects were required to 
perform a difficult movement under three feedback conditions 
(immediate EMG feedback, delayed EMG feedback and a control (no 
EMG feedback) condition). The results indicated a significant 
difference between the EMG feedback groups and the control condi­
tion. However, no such difference was found between the immediate 
and delayed feedback condition. The results suggested that not 
the immediacy of the feedback is the main factor in EMG feedback, 
but the specificity of the information. 
4.1 Introduction 
Sensory information of some form is widely regarded as a critical 
variable in motor learning (Adams, 1971, 1976; Newell, 1976, 1981; Roy & 
Marteniuk, 1974; Salmon!, Schmidt & Walter, 1984; Schmidt, 1982). 
Several authors indicated that In a situation, where the normal 
sources of (Intrinsic and extrinsic) information are absent or insuffi­
cient, as is often the case in subjects suffering from damage to the (cen­
tral or peripheral) nervous system, artificial sources of information can 
be used (Keele, 1981, 1982; Mulder & Hulstijn 1984a; Summers, 1981). The 
prefix "artificial" refers in this context to the use of devices designed 
to provide the learner with information concerning relevant aspects of the 
task. Especially in the field of the training of patients with motor 
disorders these artificial sensory feedback techniques have been employed, 
sometimes with remarkable success. The most frequently used procedure is 
EMG feedback in which an auditory or visual display of the electrical 
activity of the muscle(s) under training is presented to the subjects (for 
a review see Inglis, Campbell & Donald, 1976; Keefe & Surwitt, 1978; Wolf, 
1983). Other forms of feedback have also been employed, for example, force 
feedback (Herman, 1973) and position feedback (Earnshaw, Lubbock, & Ellis, 
1981; Harris, 1979). 
The efficacy of these artificial sensory feedback procedures has been 
tested in two types of studies, viz., clinical research, often directed at 
rather restricted therapy goals (i.e. dorsiflexion of the ankle) and 
laboratory research, performed with normal subjects. The present study 
falls in the latter category. 
The best analogen for clinical research is the learning of a movement 
that is entirely new and not under voluntary control. The movement selected 
for the present study was the abduction of the big toe, without moving the 
other toes or the total foot. This is a movement which is physiologically 
possible but difficult to perform for many subjects. 
* Psychological Research (in press). Reprinted with permission. 
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Research by Belanger & Chapman (1977) and by Mlddaugh (1978) has Indi-
cated that particularly subjects with a very low Initial capacity to per-
form the toe-abduction movement profited from an artificial sensory feed-
back training procedure. Mulder & Hulstljn (1985) found similar results. In 
the latter study, five groups of subjects had to learn the movement under 
different informational conditions. The results Indicated better learning 
and performance (expressed In terms of the changed range of motion of the 
toe) for the groups trained by means of artificial sensory feedback (EMG 
feedback, force feedback), compared to the groups who where trained by 
means of the normal sources of feedback (proprioceptive, tactile, visual). 
An Important question remained, however, unanswered In these studies. 
This question refers to the nature of the effect of artificial sensory 
feedback. Generally artificial sensory feedback Is viewed as a substitute 
for the distorted Intrinsic feedback. Hence, the effectlvity Is viewed In 
terms of the Immediate contiguity between response and Information, any 
feedback delay would then deteriorate the learning and performance results 
(Brudny, 1982, Brudny, Koreln, Grynbaum, Friedman, Weinstein, Sachs-Frankel 
& Beiandres, 1976; Wolf, 1979). 
The primary aim of the present text Is to Investigate the value of 
this notion. 
Normal subjects were required to learn the same movement as In the 
abovementloned Mulder & Hulstljn study, viz., the voluntary abduction of 
the big toe (voluntary contraction of the m. abductor hallucis). The m. 
abductor hallucis is one of the Intrinsic muscles of the foot and mostly 
acts together with a number of other muscles: m. extensor digitorum brevis, 
m. flexor hallucis brevis, m. flexor digitorum brevis, m. abductor digiti 
minimi and m. interosseus as a functional unit (Mann and Inman, 1964). The 
muscle has a mixed function of abduction and flexion (Belanger & Chapman, 
1977). The abduction function, however, is hardly if ever used voluntary, 
thus leaving room for improvement. 
The subjects were assigned to one of three conditions, viz., iMediate 
EMG feedback, delayed EMG feedback and a control condition (visual feed-
back). If the immediate contiguity between response and information is the 
crucial variable explaining the effectlvity of EMG feedback, then one would 
expect a clear difference between the results of the three conditions. In 
favour of the immediate EMG feedback condition. 
The performance (and learning) effect is operationally defined in 
terms of an increasing range of motion (ROM) and force output of the muscle 
under training. In our former toe-abduction study the ROM was measured 
before and after the two experimental sessions. Since It turned out that 
most if not all Improvement took place in the first session, the present 
study consisted of only one session during which the ROM and force output 
was measured at frequent intervals. 
4.2 Method 
Subjects and Design 
Thirty-six subjects (20 female, 16 male) without known neuromuscular 
or orthopedic complaints, ranging in age from 18 to 48 were assigned at 
random to one of the three training conditions. All subjects were right 
(foot) dominant. The subjects were selected on basis of a test which they 
underwent several days prior to the experimental session. In this test the 
ability of the subjects to move the toe outward without moving the other 
toes or the total foot was measured. From a total number of 120 subjects 
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only those subjects with a range of motion (ROM) of about zero degrees, 
indicating a total inability to abduct the big toe voluntarily were 
accepted as experimental subjects. The application of this strict cri-
terium enabled us to study the effect of different forms of feedback on the 
learning of an entirely new movement. Another advantage concerns the fact 
that any between-subject differences in initial voluntary control of the 
target muscle were eliminated. 
The employed experimental procedure was simple. The subjects were 
assigned to one of the three feedback conditions (Control condition (VIS); 
Immediate EMG feedback (EMG) and delayed EMG feedback (DEL)) and asked to 
practice, during 102 training trials of each 10 s. Interspersed with rest 
periods of also 10 s, to abduct the big toe. The dependent measures were 
the range of motion (ROM), the electromyographic activity and the force 
output of the target muscle. 
Training conditions 
1) Control condition (VIS). The subjects were seated in a chair with 
their knees flexed at 120 degrees. They could look at their feet and guide 
their responses by visually inspecting the results. No verbal knowledge of 
results was delivered by the experimenter. 
2) leediate EMG feedback (EMG). The subjects in this condition were 
informed about the electrical activity of the target muscle (m. abductor 
hallucis) and thus of the success (or failure) of their attempts to con-
tract the muscle. Hence, in addition to the proprioceptive and visual feed-
back available in the control condition they received a continuous visual 
display of the electromyographic activity of the target muscle. 
3) Delayed EMG feedback (DEL). The situation in the DEL condition, in 
fact, was identical to the EMG condition. The main difference was that in 
the DEL condition the EMG activity was not displayed during the task per-
formance but after completing the 10-s exercise trial. Since this feedback 
(the EMG trace) was displayed with normal speed there was a constant feed-
back delay of 10 s. 
Task and Procedure 
The experimental session started with two ROM tests between which the 
instructions were given and the electrodes were attached. This was followed 
by 102 training trials. Each training trial lasted 10 s, the beginning of 
which was signalled by two short tones (1000 Hz, 70 dB), while the end was 
indicated by a single tone. Then followed a 10-s rest period after which 
the next cycle (i.e. a training and rest period of 10 s) was repeated. Dur-
ing the training trials the subjects had to contract and relax the muscle 
alternatlngly and to develop the most efficient strategy for controlling 
the abduction movement. This procedure was the same for all conditions, 
hence the inter-trial interval was the same across the three conditions. 
Of the 102 training trials the first two were habituation trials, to fami-
liarize the subjects with the procedure. After these two habituation tri-
als and after each successive block of ten training trials the subjects had 
to perform two 10-e test trials. During the first test trial they were 
instructed to abduct their big toe maximally and to maintain this abduction 
during the total 10-s period. The maximura ROM was measured as well as the 
electromyographic activity. During the second test trial the subjects had 
to generate as much (abduction) force as possible with his big toe against 
a force transducer and the maximum force as well as the electromyographic 
activity were recorded. Since these R0M-EMG force-EMG test trials were 
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repeated after each sequence of ten training and rest cycles. In total 
there were eleven of these dual test trials. During the test trials the 
subjects could look at their feet to guide their responses. 
Recording techniques 
Since the ROH represents real movement capacity, it can be viewed as 
an Important functional output of a muscle system. The ROM was measured 
with the knees flexed at 120 degrees, both feet resting horizontally on a 
sheet of paper. The "resting position" of the toe was measured by tracing a 
straight line along the medial side of the big toe and the first metatarsal 
phalangeal joint. Subsequently the subject was asked to abduct the toe as 
far as possible, without moving the foot or the other toes. A second line 
was traced and the angle between the first and the second line was con-
sidered as the ROM. 
The electromyographic signal was recorded with the aid of (stainless 
steel) surface electrodes. The inter-electrode distance was 20 mm centre-
to-centre. The placement of the electrodes followed Delagi & Perotto 
(1980). Together with a mini preamplifier the electrodes formed a small 
unit In a silicone housing, which could be mounted on the skin by means of 
a vacuum pump (Van der Locht, Van der Straaten & Vredenbregt, 1980). The 
preamplified signal was fed into an Elema SchUnander amplifier and relayed 
to a mingograf ink jet writer. Signals ranging from 25-700 Hz were ampli-
fied. The amplified signals were filtered and full-wave rectified by means 
of a low pass third order Paynter filter, set at a bandwidth of 30 Hz and 
an averaging interval of 10 ms (Gottlieb & Agarwal, 1970). The filtered and 
rectified signal was fed into a PDP 11/03 laboratory computer where it was 
sampled with a sampling frequency of 200 Hz and continuously averaged (by 
means of a moving average procedure) over the last 20 samples. In the EMG 
condition the averaged signal was displayed on a tv monitor in front of the 
subject. The electromyographic activity was displayed as a continuously 
moving trace, reflecting the rate of muscle activity. The height of the 
displayed trace was directly proportional to the averaged integrated EMG 
activity. In the DEL condition the electromyographic signal was displayed 
with a delay of 10 s, that is to say, the EMG trace started to run follow-
ing completion of the 10-s exercise trial. 
Force was measured by means of a force transducer (Kyowa 0-5 kg). Dur-
ing force measurement, the subjects were seated while their tested foot 
rested in a specially constructed device, based on a measuring device used 
by Belanger & Chapman (1977). This device in which the foot was posi-
tioned, prevented movement of the foot but permitted the outward movement 
of the big toe. Because the small force transducer was placed against the 
medial side of the big toe, real movement, however, was not possible and 
the task in fact was an Isometric one. The device was adjustable to allow 
suitable positioning of the foot in relation to the force transducer. The 
foot was positioned between three adjustable plastic strips. The first 
strip lay adjacent to the metatarsophalangeal joint, the second strip was 
in contact with the lateral aspect of the calcaneum. These strips prevented 
any medial movement of the foot. The third strip was placed against the 
heel. 
In the next section the results of the present study will be reported. 
As the attentive reader will note, not all analyses have been performed on 
the total group of 36 subjects. Due to technical problems the EMG and force 
data of four subjects had to be discarded from the analyses. 
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4.3 Resulta 
Range of »totion (ROM) 
Because the ROM is the only parameter which reflects directly the goal 
of the training, viz., the ability to perform the abduction movement, the 
ROM is considered as the most Important functional measure. Figure 4.1 
presents the changes in ROM (in degrees) across the test trials. As is 
shown, there is a considerable ROM Increase over trials. 
An analysis of variance, performed on the ROM data revealed that the 
trial effect was significant F (10, 330) - 27.31, ρ < .001. Also the 
differences between the results of the three conditions were significant F 
(2, 33) » 3.97, ρ < .05. Further analyses (Newman-Keuls procedure) revealed 
a significant difference between the EMG and VIS condition and between the 
DEL and VIS condition ( ρ < .05), but no significant difference was found 
between the results of the EMG and DEL condition. 
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Figure 4.1 shows the maximum ROM-output (in degrees) for the sub­
jects in the three experimental conditions: Immediate EMG feed­
back (EMG), delayed EMG feedback (DEL) and "natural" visual feed­
back (VIS). The ROM-output is measured across the two pretrials 
and the eleven testtrials. 
If in the present study the same criterion is employed as in our 
former study (Mulder & Hulstijn, 1985, Chapter 3), viz., the voluntary 
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production of an abduction movement of at least five degrees, (which was 
slightly higher than the accidental uncontrolled abduction movements which 
were made by the subjects), then the results show that in the EMG condition 
ten (out of twelve subjects) learned the movement, that in the DEL condi­
tion seven mastered the task, whereas in the VIS condition only four sub­
jects could perform the movement. Although not a massive (significant) 
result, it was remarkable that six subjects in both the EMG and DEL condi­
tion met the criterion already on the third test trial, whereas in the VIS 
condition this was true for only one subject. 
Force 
Figure 4.2 shows the maximum force output (in Newtons) in the three 
conditions averaged over subjects. 
The results show an increase in force output; the trial effect is sig­
nificant F (10, 290) - 6.35, ρ < .001. 
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Figure 4.2 shows the maximum force output (expressed in Newtons, 
Ν) for the subjects in the three experimental conditions: immedi­
ate EMG feedback (EMG); delayed EMG feedback (DEL) and "natural" 
visual feedback (VIS). 
Also the difference in force output between the three conditions is 
significant F (10, 290) - 3.51, ρ < .05. A Newman-Keuls procedure revealed 
a significant difference between the EMG and VIS condition and between the 
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DEL and VIS condition ( ρ < .05). No significant difference was found 
between the results of the EMG and DEL condition. 
Electromyographic activity 
Figure 4.3 presents the EMG activity of the m. abductor hallucis in 
the three training conditions. Since the EMG during the 10-s test trials 
was. extremely variable, the mean EMG activity is presented instead of the 
maximum activity. Since the ROM test trial means ran almost parallel to 
the force test trial means, the data of both test trials are averaged in 
Figure 4.3. Hence, each datapoint in the graph represents the mean elec­
tromyographic activity, averaged over the 10-s force and ROM test trials. 
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Figure 4.3 shows the mean electromyographic output (in micro­
volts) for the subjects in the three experimental conditions: Im­
mediate EMG feedback (EMG), delayed EMG feedback (DEL) and "na­
tural" visual feedback (VIS). Each datapoint represents the 
electromyographic output averaged across the last 10-s exercise 
trial, a 10-s ROM test trial and a 10-8 force test trial. 
The results show a considerable increase in EMG activity across the 
trials. An analysis of variance, performed on the EMG measurements revealed 
a significant trial effect F (10, 290) = 9.11, ρ < .001. The differences in 
mean EMG output between the three conditions, however, are not significant. 
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Recall that the electromyographic activity was reglstrated during the 
force test trial and during the ROM test trial. The results Indicated that 
the highest EMG activity was obtained during the force test trials (m - 700 
uV), whereas during the ROM test trial the EMG activity was much lower ( m 
- 465 uV). This difference was significant F (1, 29) - 17.25, ρ < .001. 
4.4 Discussion 
In the present study three types of feedback were Investigated 
(immediate EMG feedback; delayed EMG feedback and visual feedback). In gen­
eral the results were in accordance with the results obtained by Middaugh 
(1978) and by Mulder & Hulstljn (1985). Middaugh showed in a similar toe-
abduction study that EMG feedback was highly effective when subjects had 
little initial control over the target muscle. EMG feedback improved the 
ability of these subjects to perform voluntary muscle contractions. Also 
Mulder & Hulstljn indicated the superiority of artificial sensory feedback 
(e.g., EMG feedback and force feedback) in the learning of the toe-
abduction movement. The same results were obtained in the present study; 
the subjects in the two artificial sensory feedback conditions (EMG, DEL) 
performed better than the subjects in the control (VIS) condition. 
The present study differed, however, on an important aspect from the 
abovementioned studies by Middaugh (1978) and by Mulder & Hulstljn (1985). 
In these studies, the artificial sensory feedback signal itself was not 
manipulated; for the implicit notion was that the immediacy in the timing 
of the feedback was the crucial factor, responsible for the success. In the 
present study, the feedback signal was manipulated. It was supposed that by 
delaying the feedback more Insight could be gained in the effect of the 
artificial sensory feedback. If the feedback-delay would deteriorate 
learning, this would be taken as evidence for the argument that the immedi­
ate contiguity between response and feedback forms the main factor in 
explaining the success of EMG feedback. However, since the results indi­
cated that both artificial sensory feedback conditions (e.g., immediate and 
delayed EMG feedback) differed significant from the control condition, 
whereas the differences between the immediate and delayed EMG feedback con­
ditions were not significant, it could be argued that not the immediacy is 
the most important factor but the specificity of the information. EMG feed­
back is used to evaluate the attempt and to change it. This is a conclu­
sion that is contrary to the intuition of many users of clinical EMG feed­
back. Some caution, however, is necessary, since the present study has been 
performed in a rather artificial experimental situation with normal sub­
jects, whereas the majority of the EMG feedback studies have been performed 
with subjects suffering from damage to their jiervous system. It could be 
that in the latter situation the immediacy is more important. 
As already mentioned, the subjects In the artificial sensory feedback 
conditions mastered the desired movement faster en they improved more than 
the subjects in the control (VIS) condition. Three arguments can be given 
to explain this superiority. The first argument refers to the fact that 
the EMG feedback is more precise than the normal visual feedback. With 
respect to the present task where a selective control of one muscle system 
was required, this is an important aspect. Especially in the beginning of a 
training or therapy small increases in EMG activity in the muscle under 
training can guide the learner to the correct strategy, even before it 
comes to actual (visible) movement. The second argument concerns the fact 
that by means of EMG feedback the learner's attention is selectively 
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directed to the target muscle. This gives him/her the opportunity to 
correct errors and to eliminate Inefficient methods to perform the task. 
Lastly it should be mentioned that beside this cueing function, EMG feed-
back could facilitate learning by motivating the subject to try harder or 
persist longer at the task. It Is difficult if not impossible to separate 
these aspects and probably all have played a role in the present study. 
The results not only indicate that the subjects in the artificial sen-
sory feedback conditions performed better but also that they mastered the 
task faster. Hence, one could argue that the more specific the information, 
the more rapid the Improvement and the higher the level of performance. 
This is an argument which has clear implications for (motor) training in a 
rehabilitation setting. It was already stated by Herman (1973) that when a 
patient has the potential ability to perform a movement, very specific and 
task-directed information leads (especially in the beginning of the train-
ing) to better results. 
An aspect of the present results which deserves further discussion 
concerns the electromyographic data. The results showed a significant 
increase in electromyographic activity in all three training conditions. 
Although this increase is in accordance with the expectations and with the 
results of Chapman & Belanger (1977) and Mlddaugh (1978), it seems contrary 
to the results obtained In our former study (see Chapter 3). In that study 
we found, in a similar toe-abduction task, a slowly decreasing electromyo-
graphic activity across the trials. How can this (apparent) contradiction 
be explained? An important explanation can be sought in procedural differ-
ences between the two studies. In the former Mulder & Hulstijn study, the 
subjects had to attempt to abduct the big toe for 25 s and after that they 
were instructed to generate as much EMG activity as possible during a 5-8 
test trial. This EMG result was fed back to the subjects. Hence, the 
instruction was focussed on the EMG output and not on producing a movement. 
This maximum EMG output decreased across the trials and the authors 
explained this result in terms of an increased efficiency of the muscular 
process. In the present study, however, a totally different situation 
existed; the subjects were not Instructed to maximize the EMG output but 
they were instructed to increase the ROM and the force output during the 
test trials. The electromyographic result was not fed back to the subjects. 
The EMG was recorded in conjunction with the ROM and force ouput. Since 
the results indicated a significant increase of these measures across the 
test trials it Is not surprising that also the EMG activity related to 
these measures shows an increase. Hence, the simultaneous recording of the 
three dependent variables (ROM, EMG and force), together with an instruc-
tion which differed on essential aspects from the instruction employed in 
the former study form crucial differences between the present and the 
former study and may probably explain the (apparent) contradiction in the 
results of both studies. 
The recording of the EMG in conjunction with the ROM and force output 
during the eleven test trials also revealed an important difference in EMG 
activity between the two test types. The electromyographic activity, 
recorded during the performance of the ROM test was much lower than the 
electromyographic activity registrated during the force test. This indi-
cates that the EMG activity is not an unambiguous parameter for improvement 
but a parameter highly dependent on the type of task that has to be per-
formed. This is an aspect which should be taken into account by EMG feed-
back therapists employing the EMG activity as a parameter for therapy 
evaluation; the height of che EMG activity depends not only on the training 
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but also on the characteristics of the employed task. 
Final remarks 
The most common and widely accepted definition of learning Is that 
learning is a relatively permanent change, resulting from practice or 
experience. The modifier "relatively permanent" is essential In this defin-
ition, it distinguishes learning from the more temporary performance 
effects. Since in the present study we did not investigate the permanency 
of the obtained results, we can not argue that we obtained definite evi-
dence for the hypothesis that artificial sensory feedback improves learn-
ing. It could be that the results simply reflected a temporary process that 
affected behavior only while that process was in effect. For example, the 
EMG feedback only motivated the subjects to work harder. Such a motivating 
property may be thought of as a temporary phenomenon, which dissipates with 
a short rest, allowing the performance to deteriorate quickly. Although in 
the present study this was not tested, in our former study (Mulder & 
Hulstijn, 1985) we employed two experimental sessions (separated by at 
least 24 hours), and we could not observe any deterioration from the end of 
the first session to the beginning of the second session, giving some sup-
port for the learning effect of EMG feedback. However, generally it has to 
be admitted that for a final determination of the nature of artificial sen-
sory feedback follow-up measurements, In fact, are necessary (see also Sal-
moni, Schmidt & Walter, 1984). This is particularly true for clinical 
research. 
A final remark has to be made concerning the rather artificial charac-
ter of the task. The subject's attention was directed at the performance of 
an isolated movement, deprived of any goal-directedness, and this could 
have diminished the ecological validity of the results. The relevance of 
the study could have been Improved by including the task (the abduction 
movement of the big toe) into a larger framework, a goal-directed action 
(e.g., writing a character with the foot). In that case the subject would 
not have to be instructed to abduct the big toe as an Isolated movement, 
but to perform the abduction movement in order to pick up the pencil, 
necessary for writing the character. It would be very interesting to inves-
tigate the role of artificial sensory feedback in learning such a more 
"naturalistic" task. This would be particularly Important for the clinic 
since relatively less is known about the application of EMG feedback to the 
learning of functional activities. 
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CHAPTER 5 
THE EFFECT OF FATIGUE AND TASK REPETITION 
ON THE SURFACE ELECTROMYOGRAPHIC SIGNAL* 
Theo Mulder & Wouter Hulstijη 
The effect of fatigue and repetition of the task on the surface 
electromyographic signal was examined during four sessions in an 
(isometric) motor control task. The muscle chosen for this study 
was one of the main ankle dorsiflexors (m. tibialis anterior). 
The electromyographic output and a functional (force) output of 
this muscle were recorded In two conditions: a SHORT-F condition 
in which the effect of task repetition on the relationship 
between force and IEMG was studied and a LONG-F condition in 
which the effect of fatigue was studied. The results indicated 
that repetition of the task resulted in a significant Increase of 
the ratio between the electromyographic and functional output of 
the m. tibialis anterior, indicating an increase of efficiency 
across the four sessions. Fatigue on the other hand resulted In a 
significant decrease of the ratio between the electromyographic 
and functional output of the m. tibialis anterior. Indicating a 
decrease of efficiency. Fatigue also resulted in a significant 
and rapid increase of the electromyographic activity. The impli­
cations of these results for the therapeutic use of the electro­
myographic signal were discussed 
5.1 Introduction 
In recent years there has been a growing interest among physical 
therapists and psychologists in the use of artificial feedback methods for 
neuromuscular rehabilitation. One of the methods is the use of psychophy­
siological techniques for enabling electromyographic activity to be 
detected and transduced in order to return an auditory or visual indication 
of muscle activity to the subject. 
In 1960 Marinacci & Horande presented one of the first effective 
applications of this feedback methodology in neuromuscular rehabilitation. 
In using electromyography in the retraining of hémiplégies, the authors 
observed a small Increase of voluntary movement following presentation of 
EMG activity. Since then a number of studies have revealed EMG feedback to 
be a promising technique in the treatment of a variety of neuromuscular 
disorders (for a review see Inglis.Campbell & Donald, 1976; Keefe & Surwit, 
1978; Mulder, 1984; for a more theoretical analysis see Mulder & Hulstijn, 
1984a). 
The electromyographic signal can be considered as an index of motor 
unit recruitment and accurately reflects the extent to which the muscle is 
neurologlcally active. In the first phase of neuromuscular reeducation the 
increase of motor unit recruitment is an important therapeutical goal. The 
neural (re-)activation of the muscle is a very relevant purpose. During 
this phase the electromyographic signal is the main source of information 
* Psychophysiology, 1984, 2Λ, 528-534. Reprinted with permis­
sion. 
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for the therapist and the patient, it Is an Important Index for improve-
ment. After this first stage, during which the subject is trained to con-
trol the electrical output of the muscle and to develop a "muscle sense", 
the therapeutical attention Is often shifted towards the training of a more 
functional output (force, movement). EMG and force are two different 
aspects of muscle activity. 
In the present study the effects of two relevant therapeutical factors 
(fatigue, task repetition) on the relationship between IEMG and force were 
studied. This is important because often the tendency exists to use the 
IEMG output as an indirect indicator of functional improvement. Although, 
in general, there is a relationship between the integrated electromyo-
graphic signal and the functional outputs (force, movement, tension, tim-
ing), there are indications that the relationship between electrical and 
mechanical outputs changes over time as a result of fatigue and repetition 
of the task. Fatigue in a constant (isometric) force condition results in a 
significant increase of the IEMG (Viitasalo & Komi, 1978; Moritani & 
DeVries, 1978; Givens & Teeple,1978; Kasser & Lehr, 1979). On the other 
hand, repetition of the task may induce the opposite effect. The work of 
DeVries (1968), Metz (1971) & Ludwig (1982) indicated that the acquisition 
of a motor task leads to a significant decrease in the IEMG. Although fac-
tors such as fatigue and task-repetition play an important role in EMG 
feedback therapy, few researchers and/or therapists have taken them into 
account. 
The purpose of the present study, which is part of a research program 
on the use of psychological methods in the training of patients with move-
ment disorders, is to investigate the extent to which these factors change 
the relationship between the bioelectrlcal output (IEMG) and the functional 
output (force). This relationship has been studied for different types of 
muscle activity, in a motor control task. 
The present study can be considered as a methodological study investi-
gating the relationship between the bioelectrlcal output and a functional 
output of a muscle in an experimental situation relevant for the clinical 
use of EMG feedback. The muscle chosen for this study was one of the main 
ankle dorsiflexors, the m. tibialis anterior (Brunnstrom, 1980). This mus-
cle was chosen because in many EMG feedback therapies improvement of the 
dorsiflexion capacity is an important goal (Basmajlan, Kukulka, Narayan & 
Takebe, 1975). The muscle was studied under an isometric condition. Meas-
urements were performed under two conditions differing in terms of the 
nature and duration of the force production. These conditions were: short 
constant force production (SHORT-F) and long constant force production 
(LONG-F). The effects of fatigue were studied in the long constant force 
production task in which the subjects had to.maintain a constant force as 
long as possible. There were four force levels, one on each of four 
separate days. Prior to the LONG-F condition, the relationship between 
force and IEMG was studied in the SHORT-F condition to test whether this 
relationship changes with repetition of the task. 
5.2 Method 
Subjects 
The subjects were ten volunteers, ranging in age from 22 to 39 years; 
six male and four female. None was suffering from any detectable motor 
defects. Each subject participated in the two conditions, which were 
repeated on four successive days. 
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Task and procedure 
During the sessions the subjects had to generate with the m. tibialis 
anterior an Isometric force against a force transducer (as If they were 
lifting their foot). The required force level was presented by means of a 
computer generated display on a storage oscilloscope. The target force was 
Indicated by the vertical height of a light spot trace moving along a 
straight horizontal line at a constant speed (lem/sec) from left to right 
across the screen. Subjects attempted to follow this target with a second 
light spot which was driven by the output from the force transducer. Hence 
the tasks were structured as very simple tracking tasks, with the subjects 
receiving continuous feedback of their performance. 
At the beginning of every session each subject was Instructed to con-
tract the m. tibialis anterior as hard as possible for three seconds. This 
was repeated three times and the highest force level recorded was taken to 
represent the 100% Maximum Voluntary Contraction (100% MVC) for the subject 
during that session. This percentage of maximum voluntary contraction tech-
nique has the Important advantage that it compensates for variations In 
strength among subjects. 
After three minutes rest the subject was engaged In the SHORT-F condi-
tion. In this condition the subjects repeatedly had to generate a constant 
force for 5 s. The level of the force was Indicated by the height of the 
computer generated target force and displayed on the oscilloscope screen as 
a horizontal line. In each session the subject had to work through nine 
force levels (10% MVC, 20% MVC, 25% MVC, 30% MVC, 40% MVC, 50% MVC, 60% 
MVC, 70% MVC and 75% MVC) presented In an ascending or descending order. In 
this condition the effect of fatigue was minimized by restperlods of 50 s 
between each 5-s contraction period. 
After a further three minutes rest the subjects participated In the 
LONG-F condition, In which they were strongly encouraged to generate the 
required level as long as possible. The display of the force level and the 
feedback were the same as In the SHORT-F condition. The trial ended when 
the executed force fell below 90% of the target level. Each subject per-
formed this task at 10% MVC, 25% MVC, 50% MVC and 75% MVC. Each contraction 
was performed on separate (successive) days and half of the subjects had an 
ascending order and the other half a descending order. 
Apparatus 
The subject was seated In a specially designed chair while the dom-
inant foot rested on a stable metal foot plate with the ankle at 90 degrees 
and the knee at 120 degrees. A heavy metal harness with a force transducer 
(Kyowa, 0-50 kg) rested on the foot dorsum over the metatarsus (distal part 
of the first metatarsal bone). Care was taken that the force harness did 
not cover the big toe, so that the force contribution of the m. extensor 
hallucis longus, if any would be very small. The harness guaranteed a good 
fixation of the foot, which is important because ankle rotation could 
change the relationship between IEMG and force (Hof, 1980). However abso-
lute fixation is difficult and a slight lifting of the foot could not 
always be prevented. Also care was taken that the subjects did not lift 
their upper leg. 
During the periods of force production, the EMG of the m. tibialis 
anterior and m. gastrocnemius was recorded with Siemens silver/silver 
chloride surface electrodes with a diameter of 10 mm. The EMG measurement 
started when the subject reached the target level. The placement of the 
electrodes followed Delagi & Perotto (1980) and the Inter-electrode 
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distance was 20 mm centre-to-centre. In order to assure the same location 
across the experimental sessions, the electrode position was marked on the 
skin. Before placement the skin was cleaned with alcohol and slightly 
rubbed with sandpaper. This lowered the resistance below 5 Kohms. The EMG 
signals were amplified by means of a Elema SchBnander amplifier (bandwidth 
25-700 Hz) and transcribed on a Mlngograf Ink jet writer. The raw amplified 
signal was filtered and full wave rectified by means of a low pass third 
order Paynter filter, set at a bandwidth of 30 Hz and an averaging Interval 
of 10 msec (Gottlieb & Agarwal, 1970). The filtered and rectified signal 
was, together with the force transducer output, fed into a computer (PDP 
11/03), with a sample frequency of 200 Hz. The force and EMG signals were 
averaged over periods of 250 msec and stored for later analysis. The output 
of the force transducer was, together with the reference target, displayed 
on a storage oscilloscope screen in front of the subject. 
5.3 Results 
Maximum Voluntary Contraction (100Z MVC) 
The mean maximum force across the ten subjects and across the four 
experimental sessions was 316.2 N. This maximum force increased slightly 
over the four sessions. The means for session one to four were 295 N, 303 
N, 329 N and 338 N. This increase is not significant: У (3,27) - 2.51 ρ < 
.07). 
SHORT-F condition: relationship between force output and lEHG of the 
agonistic muscle. 
The data show a close relationship between force output and IEMG. In 
Figure 5.1 the mean IEMG values of the m. tibialis anterior and m. gastroc­
nemius are displayed for every force level and each session. The values are 
averaged across the ten subjects and over the total 5-s period. Correlation 
coefficients were computed between the nine force levels and the 
corresponding IEMG levels of the m. tibialis anterior, separately for each 
subject and each session. The overal mean correlation coefficient is r » 
.97, indicating that 94.7% of the total variability in force and IEMG 
could be explained by a linear component. Only in session one and session 
two the second and third order components were significant. However these 
higher order components never explained more than 1.16% of the total varia­
bility. 
Repetition of the task 
The SHORT-F task was repeated four times on four separate days and 
Figure 5.1 shows that the relation between IEMG and force output is not 
stable. There is a change across the four experimental sessions in the 
relationship between IEMG and force output. According to DeVriee (1968) one 
can express this relationship in terms of the efficiency of a muscular pro­
cess. An increasing force output and at the same time a constant or 
decreasing IEMG output reflects an increase in efficiency. The results of 
the SHORT-F condition show an increase in force output which is signifi­
cant: F (3,27) - 2.89, ρ - .05, and at the same time the IEMG output 
remains stable. Efficiency however can also be expressed as the ratio 
between force output and IEMG output (F/IEMG). Therefore for each subject 
and for each force level a ratio was calculated between force output and 
IEMG output. The averaged ratios across the four sessions are 1.33 (session 
1), 1.63 (session 2), 1.76 (session 3) and 1.79 (session 4). There is a 
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Figure 5.1 shows the electromyographic output, averaged across 
5-sec periods and across subjects, of the agonistic muscle (m. 
tibialis anterior) and antagonistic muscle (m. gastrocnemius). 
The output Is given for each of the four experimental sessions 
(numbered 1,2,3,4) and the nine force levels of the SHORT-F con-
dition. 
slglflcant Increase of the ratios across the four experimental sessions: F 
(3,27) « 4.98, ρ < .01. These results reflect an Increasing efficiency of 
muscular activity with repetition of the task. 
The activity of the antagonistic Muscle 
The four lower curves of Figure 5.1 represent the mean IEMG of the 
ipsllateral antagonistic muscle (m. gastrocnemius). As might be expected 
the activity of this muscle Is much lower than the agonistic activity. 
Nevertheless the curves display the same relation with force. Separate 
analyses for both muscles showed that the increase in IEMG output over the 
nine force levels was significant (m. tibialis anterior: F (8,72) » 80.16, 
ρ < .001; m. gastrocnemius: F (8,72) - 46.95, ρ < .001). The mean correla­
tion coefficient of the relationship between force output and the electro­
myographic activity of the m. gastrocnemius is r» .98. 
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LONG-F condition 
Whereas in the SHORT-F condition the effect of fatigue was minimized 
by means of relatively long intertrial rest-periods, in the LONG-F condi­
tion the effect of fatigue on the IEMG signal was studied. In this condi­
tion the subjects had to maintain as long as possible a constant isometric 
force. The overall mean correlation coefficient between force and the 
corresponding IEMG levels is r » .93. 
Fatigue 
The average time the subjects could maintain the desired force level 
in the LONG-F condition was 21.05 minutes for the 10% MVC task, 9.04 
minutes for the 25% MVC task, 2.03 minutes for the 50% MVC task and 0.93 
minutes for the 75% MVC task. The effect of this long isometric constant 
force task on the IEMG is shown in Figure 2. The electromyographic activity 
of the m. tibialis anterior is plotted against time. The data show a very 
significant and rapid increase of the IEMG activity during the contraction 
period. The Increases are respectively 43% in the 10% MVC condition; 94% in 
the 25% MVC condition; 75% in the 50% MVC condition and 35% in the 75% MVC 
condition. One could observe this increase already after the first 10 s of 
the contraction period. The mean Increase from the first 10-s period to the 
second 10-s period of the contraction time for the four force levels were 
respectively: 4% (10% MVC condition); 7% (25% MVC condition); 12% (50% MVC 
condition) and 35% (75% MVC condition). 
For each subject in the 10% condition the total contraction time was 
divided in 50 equal steps. Each step corresponded with a specific IEMG 
value. An analysis of variance performed on the averaged IEMG values for 
all subjects, corresponding to the 50 steps, showed a significant increase 
in electromyographic activity: F (49,44) = 2.37, ρ < .001. For each sub­
ject in the 25% MVC condition the total contraction time was divided in 20 
steps. An analysis of variance, performed in the same way as with the 10% 
MVC condition, showed a significant Increase in electromyographic activity 
F (19,17) - 22.97, ρ < .001. The contraction time in the 50% MVC condition 
was divided in six steps and also here the IEMG activity, averaged across 
the ten subjects, was significant: F (5,45) = 24.04, ρ <.01. Although the 
averaged IEMG activity in the 75% MVC condition (two steps) increased, this 
increase was not significant F (1,9) = 4.11, ρ < .07. 
The reason for the division in equal steps was the following. The 
IEMG activity was averaged over 10-s periods. Because the number of 10-s 
periods varied across the ten subjects, the subject with the lowest number 
of periods was taken as the reference. For the four force levels (10% MVC, 
25% MVC, 50% MVC and 75% MVC) these values were respectively 50, 20, 6 and 
2. Next, the contraction time of e^ch other subject was divided in 50, 20, 
6 or 2 equal periods. Hence, the data analysis'was not based on the lowest 
number of 10 sec periods all the subjects had in comon but the contraction 
time of each subject was divided in equal periods based on the reference. 
During the trials the subjects were instructed to hold the force out­
put constant. The trial ended when the force output fell below 90% of the 
target level. As is shown in Figure 5.2 the electromyographic output of 
the muscle increased during the contraction time, whereas the force output 
decreased significantly for the four force levels: 10% MVC F (49,44) -
2.91, ρ < .001, 25% MVC F (19,17) - 2.99, ρ < .001, 50% MVC F (5,45) -
3.31, ρ < .01, 75% MVC F (1,9) - 6.01, ρ < .05. 
Recall that in the SHORT-F condition the ratio between force output 
and IEMG increased significantly as a function of repetition of the task. 
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Figure 5.2 shows the mean electromyographic output of the agonis­
tic muscle (m. tibialis anterior) during the LONG-F condition for 
each force level. The electromyographic activity is plotted 
against the contraction time. The broken line indicates the force 
output of the same muscle. 
In the LONG-F condition the ratio however decreased. The ratios (F/IEMG) 
averaged across the ten subjects, for the first 10 s of the contraction 
time were compared with the ratios calculated for the last 10 s of the con­
traction time. This was done for each force level. The ratio, averaged 
across subjects and force levels for the first 10 s is 1.17, for the last 
10 s this ratio is 0.88. The decrease of the F/IEMG ratios is significant: 
F (1,9) - 10.54, ρ < .05. Table I shows the ratios for each individual 
force level. Also the correlation coefficient between IEMG and force is 
decreasing from the first 10 s of the contraction time (r - .96) to the 
last 10 s period of the contraction time (r - .90). Note that these 
results are the opposite of the results of the SHORT-F task and that they 
represent a decreasing efficiency of muscle activity. 
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Session 
I 
2 
3 
4 
MVC 
10% 
25Z 
50Z 
75Z 
Χ (n-10) 
Long-F condition 
Ratio (F/EMG) 
First 10 sec 
0.885 
1.245 
1.250 
1.317 
1.174 
Last 10 sec 
0.534 
0.994 
0.899 
1.127 
0.876 
TABLE I (F/EMG) RATIO 
Activity of the antagonistic miecle 
The activity of the ipsilateral antagonistic muscle increased during 
the LONG-F condition. Although the activity is less than the activity of 
the agonistic muscle, the pattern of the change is identical. The increase 
in activity is significant for the four force levels: 10% MVC F (49,44) -
2.06, ρ < .001, 25% MVC F (19,17) - 22.97, ρ < .01, 50% MVC F (5,45) -
24.04), ρ < .01, 75% MVC F (1,9) - 6.11, ρ < .05. 
5.4 Diecuseion 
The results show an approximately linear relationship between the 
force output of the muscle and the bioelectrical output (IEMG). This is in 
agreement with the results of earlier studies (Edwards & Lippold, 1956). 
More recently Milner-Brown & Stein (1975) also have shown a linear rela­
tionship. Other authors however reported a curvellnear relationship (Komi 
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& Busklrk, 1970) or a relationship In which the IEMG varies as the square 
root of the force (Moore, 1967). 
The present study, however, was not focused on the exact physiological 
or mathematical nature of the relationship between the force output and the 
surface electromyogram. The only purpose was to evaluate the effects of 
fatigue and task repetition on this relationship. For a more detailed 
review of the physiological work on this field the reader is referred to 
Moritani & DeVries (1979). 
The effect of fatigue and repetition of the task on the IEMG 
Fatigue. 
Whereas in the SHORT-F condition the influence of fatigue was minim-
ized by sufficiently long intertrial rest-periods, in the LONG-F condition 
the effects of fatigue were studied. The results showed that, under influ-
ence of fatigue the IEMG activity increased strongly. At the same time the 
functional (force) output of the muscle remained stable or even decreased. 
In terms of efficiency this means that fatigue results in a less efficient 
muscle process. 
The data of our experiment show that there is an almost immediate 
Increasing effect on the IEMG. This is contrary to the intuitive idea that 
there exists a gradual building-up of fatigue. It is also contrary to the 
experimental results of Lippold, Redfearn & Vuco (1960) who stated that at 
a constant force isometric tension between 10% MVC and 80% MVC, there Is a 
decrease in IEMG activity during the first one or two minutes and after 
that an increase until the endpoint is reached. The reason for this 
difference could be that Lippold c.s. recorded from other muscles, with 
other forces and that they used another experimental procedure. 
Repetition of the task. 
The direct relationship between the functional (force) output and the 
bloelectrical output (IEMG) Is often the implicit basis for the psychologi-
cal use of electromyography. The psychologist does not use the electromo-
graphlc signal as a diagnostic tool but as an "objective instrument", which 
informs him/her of the activity of the muscle(s). 
In motor learning (neuromuscular rehabilitation, EMG feedback) the 
IEMG, (as a representation of this activity level) is often used as an 
important index for improvement. The results of the SHORT-F condition 
showed however that the relationship between functional (force) output and 
electrical output is not stable but changes under influence of fatigue and 
repetition of the task. The IEMG shows a decrease from session one to two 
and after that remains constant over the sessions, the force output however 
slightly increased. DeVries (1968) and also Metz (1971) described this 
proces in terms of the efficiency of the muscular activity, A muscle proces 
is more efficient when the functional output (force) remains constant or 
increases whereas the electrical output (IEMG) decreases and this is what 
is reflected In the results of the SHORT-F condition. To explain this 
efficiency effect Metz (1971) and also Basmajian (1977) found a significant 
gradual decrease of antagonistic muscle activity during the learning of a 
motor tracking task (6 repetitions of the task). According to these authors 
the acquisition of motor control is for the greater part learning to inhi-
bit the activity of irrelevant muscles. In our experiment we did not find a 
general significant decrease of the antagonistic activity across the four 
sessions. It seems therefore that the increase In efficiency during the 
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four repetitions is primarily the result of changes in the agonistic muscle 
activity. DeVries (1968) stated in this context: "that as a muscle grows 
stronger through training the involved fibers become more effective in pro­
ducing tension. In this event either fewer motor units ueed be recruited, 
or the same motor units can be fired at slower stimulation frequencies to 
produce the same level of isometric tension. Both factors are probably 
operant and both will result in lower integrated electrical activity lev­
els" (p. 20). 
It is, however, also possible that the subjects learned to inhibit the 
activity of other muscles, that is to say, they learned to perform the task 
by contracting the ra. tibialis anterior more selectively instead of simul­
taneously co-contracting other muscles. 
laplicatlons for EMG feedback therapy. 
Although the present text describes an experiment with normal subjects 
performing a rather artificial task which is not directly related to func­
tional adult human movement, the results indicate some general aspects 
which could be important for EMG biofeedback. First: repetition of the task 
results In а шоге efficient muscle activity, although there is a decrease 
in electromyographic output and second: fatigue results in a less efficient 
muscle activity although there is a significant increase in electromyo­
graphic output. 
In EMG feedback therapy the surface electromyographic signal is used 
as an objective representation of neuromuscular activity. The signal is not 
only used as a source of Information for the patient and the therapist but 
often also as an important index for improvement or success of the therapy. 
The underlying assumption is that an increase in electromyographic activity 
reflects the Improvement of muscle function. During the first stage of neu­
romuscular training when the therapeutic attention is directed on the 
increase of motor unit recruitment this assumption is without problems. 
However, the results of the present study show that this assumption has 
some risks if one tries to relate the electromyographic output directly to 
the functional output of the muscle(s) under training, in other words, if 
one tries to use the IEMG as an Indirect measure of force. The SHORT-F 
condition, for example, showed that an increased efficiency of muscle func­
tioning was reflected by even a slight decrease in IEMG activity. Note that 
this is contrary to the implicit assumption of many EMG biofeedback thera­
pists. 
On the other hand the results of the LONG-F condition clearly showed a 
very significant increase in IEMG activity as a result of fatigue. These 
are interesting results because fatigue plays an important role in EMG 
feedback therapy where therapy sessions are often intensive. The results of 
the LONG-F condition indicate however that an Increase in IEMG output Is 
not always an objective proof for neuromuscular improvement, (sometimes it 
is only a reflection of fatigue). 
However, the results of this study do not indicate that the surface 
electromyogram is of no use for EMG biofeedback or neuromuscular retraining 
or that it has to be discarded in favour of force measurements. Both force 
and IEMG make a meaningful contribution to the study of muscle function and 
represent different aspects of muscular activity. IEMG is a valid index of 
motor unit recruitment and reflects the extent to which the muscle is 
active. However, this bioelectrical activity is affected by factors like 
repetition of the task and fatigue. Therefore we suggest a careful use of 
the IEMG. Especially in situations where the electromyogram is used in 
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functional training as an Indirect measure of force and as one of the 
parameters for (EMG feedback) therapy evaluation. In that case care has to 
be taken that fatigue does not confound the results. 
The reader has to keep in mind that exercising until the point of 
fatigue is reached forms a basic Ingredient of each (motor) training and 
should of course not be discarded. But if fatigue affects the signal which 
is one of the main sources of information for the patient and therapist 
then fatigue has to be controlled. To control this fatigue effect it seems 
desirable to measure progress from the start of one session to the start of 
another session or to use test sessions separated from the therapy ses-
sions. Because of the rapidity of the fatigue effect short (test) trials (S 
sec) interspersed with sufficient rest periods are necessary. 
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INTERMEZZO: 
FROM THE LABORATORY TO THE CLINIC 
In the previous Chapters (with the exception of Chapters 1 and 2) the 
results were presented of laboratory studies. These experiments were per-
formed with normal subjects who had to learn a "difficult" movement under 
laboratory conditions. Recall, that one of the alms of this book was to 
bridge the large gap between the (experimental psychology) laboratory and 
the rehabilitation clinic. Therefore in the next Chapters we will investi-
gate the importance of the results, obtained in the laboratory, for the 
clinic. 
It has already been argued at several places in this book, that the 
restoration of motor control (e.g., physical therapy) can be viewed as 
(motor)learning or as a problem solving process. Hence, psychological 
theories on motor learning and control can be conceived as a useful and 
potential source of knowledge which could be relevant for the rehabilita-
tion clinic. The term potential is used to indicate that until now the main 
emphasis of most students of human motor behavior has been on the labora-
tory experiment. The developed theories possess no direct link to a better 
understanding of distorted motor functioning (see for exceptions to this 
general rule Kelso & Tuller, 1981; Roy, 1978, 1983). 
Although at this moment no consistent psychological theory on dis-
torted motor control exists there are theoretical concepts or fragments 
which can play a role in the understanding of movement disorders and/or in 
the developement of therapeutical procedures for patients with motoric 
problems. For example the information processing models of motor control 
(Schmidt, 1975; Van Galen, 1980; Van Galen & Teulings, 1984) can be used to 
develop motor tasks by means of which the motor disorder can be "local-
ized", in terms of which process is distorted (Hulstijn & Mulder, in press; 
Mulder, Hulstijn & van de Buule, in press; Roy, 1978). The schema concept 
(Schmidt, 1975) contains many indications for therapy/training procedures 
and also the experimental work on the role of feedback and knowledge of 
results in motor learning has implications for the rehabilitation clinic. 
For example, the simple fact that feedback and knowledge of results play an 
essential role in learning motor control can be used by physical thera-
pists. Hence, it seems that ideas obtained in the (theoretical) field of 
motor control and learning can be transferred to the field of motor re-
learning or at least form a starting point for further clinical investiga-
tions. 
Clinical Investigations, inspired by psychological theories on motor 
control and learning can form an important impetus for the development of a 
clinical experimental psychology, focussed at the development of (new) 
diagnostic tools or treatment procedures for subjects suffering from the 
consequences of damage to the central or peripheral nervous system. As the 
following numbers will Indicate this is a goal of great practical Impor-
tance. 
In the Netherlands, each year 30,000 new cases of CVA (cerebro vascu-
lar accident) are reported; 50-70,000 new cases of traumatic brain damage 
and 2000 new cases of brain tumor (Van Cranenburgh, 1983). Hence, in total 
more than 100,000 new cases of damage to the nervous system are reported 
each year. Many of these people will suffer from a permanent loss of func-
tion or from a distorted function and are in need of rehabilitation 
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services. However, the rehabilitation of the brain damaged patient Is a 
difficult process, which requires a multidlsclpllnary and systematic 
approach. It Is often a long-term and costly process with no absolute 
guarantee of success. In this context, Wylle (1971) argued that "It seems 
likely (....) that the long term care of patients with cerebrovascular 
disease will form an Increasing health problem In the coming decades". 
Taking this problem as our starting point. It seems evident that each 
contribution experimental psychology can make towards the development of 
new therapeutical procedures Is welcome. In the next Chapters (Chapters 6 
and 7) the results obtained In the experiments on the effects of feedback 
in motor learning will be transferred to the clinical situation. The logic 
behind this transfer is quite simple: if feedback and knowledge of results 
play an essential role in motor learning and if artificial sensory feedback 
procedures are superior compared to natural sources of Information, as was 
indicated in Chapters 3 and 4, one would expect that the same procedures 
could be applied to the field of re-learning motor control. In the next 
Chapters this expectation Is investigated. 
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CHAPTER 6 
EMG FEEDBACK AND THE RESTORATION OF MOTOR CONTROL: 
A CONTROLLED GROUP STUDY WITH 12 HEMIPARETIC PATIENTS* 
Theo Mulder, Wouter Hulstijn & Jac van der Meer. 
A controlled group study Involving 12 patients was performed with 
the purpose of comparing the effects of EMG feedback In the (re-
)learnlng of motor control to the effects of a conventional phy-
sical therapy procedure (NDT). The therapy was focussed on the 
Improvement of the dorsiflexion function of the foot. Special 
attention was given to the measurement and evaluation of func-
tional parameters (range of motion and gait). The results indi-
cated no significant differences between the two methods. The 
Implications of the results for the employement of EMG feedback 
and other therapeutic procedures in motor rehabilitation are dis-
cussed. 
6.1 Introduction 
Validation of a clinical treatment requires that the practice stems 
from an acknowledged theoretical model of the functioning organism and be 
supported by reproducible research designs. Such reproducible research, 
however, Is scarce in the field of the rehabilitation of neurological 
disorders. Most rehabilitation procedures are merely empirically derived, 
since severe methodological difficulties have imposed limits on effective 
research. Among these are the difficulties in accurately locating the dam-
age in the brain and in obtaining sufficient numbers of patients with simi-
lar lesions for matched group studies. The long time scale of recovery and 
treatment have further limited the development of scientific rehabilitation 
procedures (Bach-y-Rita, 1083b). Therefore, new treatment procedures are 
sometimes presented as promising, although they lack a firm theoretical and 
methodological basis. 
Since the early 1970s there has been, especially in the amerlcan reha-
bilitation literature, a growing interest in a new treatment procedure 
termed biofeedback or artificial sensory feedback (for a review see Inglis, 
Campbell & Donald, 1976; Keefe & Surwit, 1978). The term artificial sen-
sory feedback refers to a procedure where the patient receives (auditory 
and/or visual) information concerning a physiological process that has to 
be controlled. For example, the electrical activity of a muscle can be 
displayed visually on a tv monitor in front of a subject (EMG feedback). 
The patient has to use this specific EMG information for regaining volun-
tary control over a muscle or muscle group under training. Especially phy-
sical therapists have shown interest in the use of EMG feedback as a thera-
peutical "tool" for the restoration of motor control following brain dam-
age. 
Marinacci & Horande (1960) were among the first who showed that 
patients are able to use EMG information for manipulating the output of 
their muscles. They reported successes with various kinds of disorders 
(e.g., hemiparesis and facial paralysis), also in cases that were resistant 
* Submitted for publication. 
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to long-term conventional treatment procedures (physical therapy, surgery). 
In spite of the promising and sometimes even spectacular results that 
were obtained by the pioneers of EMG feedback in the early 1960s (see also 
Chapter 2), it took until the 1970s before research on a larger scale 
started in several laboratories. A major impetus for this research formed a 
series of experiments performed by Basmajian and his co-workers (Basmajlan, 
1963, 1967, 1976, 1979). Basmajian showed that normal subjects were able to 
control the electrical activity of single motor units. The subjects in 
these experiments were provided with two sources of (artificial) 
"proprioceptive" information that they normally lack, namely they heard 
their motor unit potentials and saw them on an oscilloscope screen. Using 
this information, they were able to learn very subtle sensorimotor control 
(suppressing the activity of all motor units but one). These studies formed 
an important background for the application of feedback procedures in the 
rehabilitation of the neurologically impaired subject. Since then a sub-
stantial number of studies on the use of EMG feedback in neuromuscular 
reeducation has appeared in the literature and EMG feedback has become 
accepted as a therapeutical technique in the field of physical therapy. 
But, although the success obtained by means of EMG feedback is sometimes 
striking, several major problems concerning the value and efficacy of EMG 
feedback remain. For example, the majority of the published studies can be 
characterized as clinical or anecdotal because they employ neither a con-
trol group nor an n=l design. Until now, relatively few controlled group 
studies have appeared that focus on a comparison between the effectivity of 
EMG feedback and the effects obtained by conventional procedures. The stu-
dies by Basmajian, Kukulka, Narayan & Takebe, 1975; by Mroczek, Halpern & 
McHugh, 1978, and by Swaan, Van Wieringen & Fokkema, 1974 form exceptions. 
These studies seem to indicate that the results obtained by means of EMG 
feedback are superior, compared to the results obtained with conventional 
physical therapeutical techniques. However, these studies have been criti-
cized on various methodological grounds (Fish, Mayer & Herman, 1976). More 
recently better controlled studies have been performed by Bumside, Tobias 
& Bursill (1982); by Den Brinker (1984) and by Wolf & Binder-Mcleod 
(1983a,b) showing contradictory results. 
One of the major problems with EMG feedback research until now, con-
cerns the fact that often little Insight is given in the generalization of 
the obtained therapy effects to the activities of daily living, that is, to 
activities where the learned movement has to be incorporated into a func-
tional, goal-directed action or skill such as walking. The few authors who 
discussed this topic (which, in fact, should be the most important topic in 
EMG feedback research) did not present uniform results. For example, 
whereas Wolf, Baker & Kelly (1980) and Wolf (1983) presented optimistic 
results concerning the long term efficacy of feedback procedures, Seeger & 
Caudrey (1983) concluded that the Improvements acquired during therapy were 
not maintained over time without booster sessions. Whereas Cleeland (1979) 
reported successfull EMG feedback interventions with torticollis, Fernando 
(1979) and Gaarder & Montgommery (1977) argued that this was only possible 
with the less serious cases. Whereas Brudny and his co-workers reported 
successful applications of EMG feedback in the training of hemiparetic 
upper limbs (Brudny, Korein, Grynbaum, Friedman, Weinstein, Sachs-Frankel & 
Beiandres, 1976), Prevo (1979) reported that there were no differences in 
the functional use of the arm between subjects trained by means of EMG 
feedback and subjects receiving conventional physical therapy. 
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Hence, after two decades of research the EMG feedback results are 
still disputable, especially with reference to the generalization of the 
therapy effects to functional skills. 
In the present text the results will be described of a controlled 
study with a small group of 12 hemiparetlc subjects. In this study the 
effects of EMG feedback were compared to the results obtained by means of a 
physical therapeutical treatment (Neuro Developmental treatment or NDT). 
The EMG feedback and NDT treatment were both focussed on the Improvement of 
the dorslflexlon capacity of the foot of hemiparetlc subjects and by this 
on the Improvement of the patient's action of walking. Dorslflexlon 
paralysis was selected because this neurological complaint has a long his-
tory In EMG feedback research. Several studies have been published on the 
training of dorslflexlon by means of EMG feedback (Amato, Hermsmeyer & 
Klelnman, 1973; Basmajlan, Kukulka, Narayan & Takebe, 1975; Basmajian, 
Régenos & Baker, 1977; Gray, 1971; Nafpilotis, 1976). The present study 
must be viewed as a group study comparing the results of an EMG feedback 
treatment to the results obtained by means of a conventional physical 
therapy treatment. However, the main emphasis In this study Is not on the 
electromyographic changes but on the differences In functional output 
(range of motion, gait-velocity). 
6.2 Method 
Subjects 
Twelve hemiparetlc subjects without cognitive defects or aphasia 
(ranging in age from 34 - 68 years, eight male, four female) were trained 
during five weeks, three times a week. All subjects had previously com-
pleted other rehabilitation programs without re-acquiring the dorslflexlon 
function. 
Task and Procedure 
The 12 subjects were assigned at random to one of the two treatment 
conditions. These conditions were NDT and EMG feedback. The subjects in 
the NDT condition were trained according to the principles devised by 
Bobath & Bobath, (1972). The intervention was focussed on the regulation of 
postural tone, reciprocal Innervations of agonist and antagonist muscles 
and on the regulation of different patterns of coordination. The patients 
were trained in various (postural) positions. The subjects in the EMG feed-
back condition received visual information concerning the electrical 
activity of the muscles under training (m. tibialis anterior, m. peroneus 
longue). The subjects were instructed to manipulate the signal In order to 
increase the electromyographic output of the muscle(s). They were further 
instructed to relate the visual display of the EMG activity to the per-
ceived (intrinsic) changes in the muscle (system) under training. They had 
to use the displayed EMG information for developing a strategy to control 
the output of the muscle. The EMG feedback thus served as an artificial 
source of extrinsic feedback, informing the subject about his/her success 
or failure to contract the target muscle. The therapy was divided in three 
stages. During the first stage the subject exercised In a comfortable, 
semlreclining position, with the knees flexed; in the second stage the 
exercises took place with the knees extended, whereas in the third stage 
the subject was standing. The transition to a next stage was determined, 
more or less arbitrarily by the therapist, on basis of perceived (EMG) 
improvements and differed largely over the subjects. 
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Prior to the beginning of the first EMG feedback session, surface 
electrodes were attached to muscles of the unimpaired side. This was done 
to familiarize the subjects with the apparatus and to give them an impres­
sion of the "mental effort" it took to manipulate the displayed signal. 
Paraaeters eeasuring therapy effect. 
- Preceding each therapy session, which lasted about 40 minutes, the 
maximal EMG activity of the m. peroneus longue and m. tibialis anterior of 
the subject was measured. This activity was measured during two 5-s test 
trials in two positions, viz., a semireclining position with the knees 
flexed and a semireclining position with the knees extended. The length of 
the test trials was based on results obtained by Mulder & Hul s ti. j η (1984b), 
who showed that the surface EMG was very sensitive to fatigue; fatigue 
resulted in a dramatic increase of the EMG activity. Therefore in the 
present study care was taken that fatigue could not confound the test 
results by introducing restperiods of at least one minute. The patient was 
instructed to dorsiflex his/her foot maximally and to maintain this for 5 
β. These two 5-s test trials were repeated at the end of each session. The 
subjects of both groups received no information concerning the results of 
these test trials. In each individual therapy session four test measure­
ments were recorded. Hence, in total 60 such EMG measurements were recorded 
(15 sessions χ 4 test trials) for each subject in the EMG feedback condi­
tion and the NDT condition. The change in EMG activity, across the therapy 
sessions, was considered as one of the parameters of therapy effect. Range 
of Motion (ROM) and gait velocity were considered as the other relevant 
(functional) parameters. 
The ROM was measured before the beginning of sessions 1, 4, 7 and 13, 
as well as following session 15. The measurements were performed with the 
subject in the same position as described above. The subjects were 
instructed to lift their foot maximally. The ROM was measured, by means of 
a graduated arc as normally is used by physical therapists. An angle of 90 
degrees with respect to the lower leg was given the value zero (0). Dorsi-
flexion resulted in a positive increase, whereas plantarilexion would 
result in a negative Increase. 
No measurements of muscle strength were taken because the assessment 
of muscle strength with hemiparetic subjects is very difficult. The pres­
ence of brainstem reflexes hinder the exact determination of the muscle 
strength (Salter, 1958, clt. by Keefe & Surwit, 1978). 
A few days before the first therapy session the walking pattern of 
each subject was analyzed by means of video recordings and EMG recordings. 
The subjects had to walk on a walkway of six mtr length. First they had to 
walk this distance six times in front (sagittally) of a videocamera, 
mounted on a trolley which moved at the same velocity and in the same 
direction as the walking hemiparetic subject, thus keeping a constant dis­
tance from the patient. The patients walked barefoot and without a cane or 
assistance from the therapist. Following a short rest period, EMG surface 
electrodes were applied. A reference ground electrode was placed on the 
anterior surface of the thigh and differential electrode pairs were posi-
itioned over the m. peroneus longus and m. tibialis anterior of both legs. 
At a command from the experimenter the subject started walking and after a 
few strides entered the walkway. The EMG data were taken as the subject was 
on the walkway. The EMG signal was transcribed on a Mingograf ink jet 
writer. The EMG measurements were taken to determine the target muscle(s) 
for the therapy. The rationale for this was as follows: dorsiflexion of the 
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foot Is mainly the result of the synergistic activity of the m. peroneus 
longus/brevls and the m. tibialis anterior with the m. gastrocnemius acting 
as an antagonist. Hemlparetlc subjects very often show an asymmetry between 
the function of the two agonistic muscles (m. peroneus, m. tibialis ante-
rior), resulting In Inverted or everted foot lifting. The muscle selected 
for training was the one which showed a marked electromyographic underac-
tivity during walking. The training was directed at the restoration of the 
symmetrical muscle activity during dorslflexlon. 
Apparatus 
EMG feedback unit 
A flexible, microprocessor controlled feedback unit was used. The 
electromyographic signal was recorded using stainless steel surface elec-
trodes. The Inter-electrode distance was 20 mm center-to-center. The posi-
tion of the electrodes followed Delagi & Perotto (1980). In order to main-
tain the same location of the electrodes across the sessions, the electrode 
positions were marked on the skin. Together with a miniature preamplifier 
the electrodes formed a small recording unit in a silicone housing, which 
was attached to the skin by means of a vacuum pump (Van der Locht, Van der 
Straaten & Vredenbregt, 1980). This way of recording had two important 
advantages. First, rapid changes of electrode position were possible and 
second, the very high input impedance of the preamplifier prevented cable 
artifacts during walking of the patient. The preamplified signal was fed 
into a four-channel EMG amplifier* The amplified signals were filtered and 
full-wave rectified by means of a low pass third order Paynter filter, set 
at a bandwidth of 30 Hz and an averaging interval of 10 ms (Gottlieb & 
Agarwal, 1970). This filtered and rectified signal was fed into an Apple II 
microcomputer where it was sampled with a sampling frequency of 200 Hz. 
The averaged electromyographic activiity of two muscles was simultane-
ously displayed on a tv monitor In front of the subject. The electromyo-
graphic activity was displayed as a moving trace (running from left to 
right with an adjustable velocity), representing the rate of muscle con-
traction. During the test trials the time needed for covering the x-axis 
was 5 s, whereas during the exercise trials the trace velocity was adjusted 
to a longer period, viz., 30 s. The EMG activity could be stored on disk 
for later analysis. It was possible to plot a target line on the tv 
screeen, which the subject had to exceed or match. Usually this target line 
was a horizontal line but also sinusoidal lines were possible, which the 
subject had to track by means of a coordinated action between agonist and 
antagonist. 
Gait analysis 
The video recordings were performed using a normal JVC videorecorder. 
The number of gait cycles were counted and the time (in s) the subjects 
needed to walk the walkway the first time (distance six m) was measured. A 
gait cycle was defined as the period from one foot-floor contact to the 
next with the same foot (Knutsson, 1981). Since the velocity of the locomo-
tion is one of the most commonly measured gait parameters (Wall & Ashbum, 
1979), It was selected as another relevant parameter for improvement. 
* Build by Jan Drabbe and Jos Wittebrood. Psychological Laborato-
ry, University of Nijmegen. 
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6.3 Results 
Maximum EMG activity during the 5-e test trials 
Figure 6.1 shows the electromyographic results expressed In microvolts 
for the two treatment conditions, averaged over the subjects. 
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Figure 6.1 shows the maximum EMG activity of the four 5-e test 
trials across the 15 therapy sessions, for the EMG feedback con­
dition (uninterupted lines) and the NDT condition (dotted lines), 
averaged over the subjects. Filled circles and squares represent 
the values for the measurement position with the knees extended, 
open circles and squares represent the values for the measurement 
position with flexed knees. 
The curves suggest a clear difference in maximum EMG output between the two 
treatment conditions. This difference, however, is only marginally signifi­
cant: F 1, 10 - 3.96, ρ = 0.07. 
Although one might expect a better (EMG) result for the (easier) posi­
tion with the knees flexed, compared to the position with the knees 
extended, this is not reflected in the data. An analysis of variance 
revealed no significant difference between the two test postures. 
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Range of Motion (ROM) 
The range of motion (ROM) Is one of the parameters which reflect the 
voluntary movement capacity. In Figure 6.2 the range of motion Is 
expressed In degrees. Because the feet of all the treated subjects were in 
(pathological) plantar flexion these values are negative. A change in the 
direction of 0 represents an increase in dorsiflexlon capacity. The range 
of motion measurements were recorded prior to sessions 1, 4, 7, 10, 13 and 
following session IS. Hence, there were 6 ROM measurements. 
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Figure 6.2 shows the range of Motion (ROM) measurements expressed 
in degrees. The measurements were taken before sessions 
1,4,7,10,13 and following session 15. The ROM results are given 
for the EMG feedback condition (uninterupted lines) and for the 
NDT condition (dotted lines). Open circles represent the values 
obtained with the subject in a semireclining position with knees 
flexed, filled circles represent the values obtained with the 
subject in a semireclining position with the knees extended. 
Figure 6.2 shows the mean ROM results for the two treatment conditions and 
measurement postures. An analysis of variance performed on the ROM data 
revealed no significant differences between the two treatment conditions. 
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Video analysis of gait 
Table I shows the results for each individual subject in the treatment 
conditions. Given are the number of gait cycles as well as the time (in s) 
needed to cover the distance (six m) before and after the 15 therapy ses-
sions. By dividing the time by the number of gait cycles it was found that 
the mean cycle duration for the EMG feedback group decreased from 1.66 s 
(pre-measurement) to 1.42 s (post-measurement). The mean cycle duration for 
the NDT condition decreased from 2.22 s (pre-measurement) to 1.90 s (post-
measurement). Hence, there was a slight increase of gait velocity. However, 
none of the group differences were significant. 
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EHG activity (of the m. tibialis anterior and m. peroneus longue) during 
walking 
The EMG activity of both "doreiflexor" muscles was recorded during 
walking on the walkway (6 times). The EMG signal was analyzed on the basis 
of the amplitude and the phasing of the signal, before and after therapy. 
Amplitude was simply defined as the height of the wave, whereas phasing was 
defined as the appearance of regular bursts of activity. 
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Figure 6.3: Part A shows the EMG signal of a normal subject dur-
ing walking (two gait cycles, 4 sec). Part B: The EMG signal of a 
hemiparetic subject during walking (4 sec), Part C: the EMG sig-
nal of the same hemiparetic subject after 15 EMG feedback ses-
sions. 
Part A of Figure 6.3 shows an EMG signal of a normal walking subject 
(two gait cycles, 4 s ) showing a normal phasing. Part В of the figure shows 
the EMG activity (also 4 s) of a hemiparetic patient, showing a disturbed 
phasing pattern. Part С shows the EMG activity (4 s) of the same hemi­
paretic patient after 15 EMG feedback sessions. 
The EMG signal was analyzed for each individual subject, whereby a (+) 
was assigned to a patient with an improved amplitude and/or phasing, a (-) 
to a patient with a deteriorated amplitude and/or phasing and a (0) to 
patients who did not show a difference following therapy. The analysis was 
performed "blind", i.e., the rater did not know to which treatment 
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condition each subject belonged. Tables II and III show the results for 
the m. tibialis and m. peroneus 
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longus muscles. The results show no difference between the two treatment 
conditions. 
6.4 Discussion 
In the present study three parameters have been used as indicators of 
therapy effect: EMG activity. Range of Motion (ROM) and gait velocity. Only 
the EMG results indicated a (marginally) significant difference between the 
two treatment conditions. Concerning the ROM measurements and the gait 
velocity no significant differences were obtained. The employement of gait 
velocity as a parameter for improvement is not without risks, since abnor-
mal hémiplégie gait is very variable and characterized not only by the 
(low) velocity of the gait but also by a multitude of other aspects (see 
Knutsson, 1981; Knutsson & Richards, 1979). Therefore, an increase of gait 
velocity does not always mean that motor control and the quality of walking 
have improved as well. 
Concerning the EMG results, it has to be mentioned that although at 
the EMG level the EMG feedback group performed somewhat better than the NDT 
group, this was not the case at the more functional levels (ROM, gait velo-
city). Here the results obtained in the feedback condition differed not 
from the results obtained by means of the conventional physical therapy 
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treatment. 
Hence, In the present study we were not able to replicate the positive 
findings of other authors (see for a review Inglls, Campbell & Donald, 
1976; Keefe & Surwit, 1978). This finding however Is In accordance with the 
results obtained recently by Den Brlnker (1984). To explain this disap-
pointing result we have to fasten our attention to some crucial aspects of 
the EMG feedback treatment. EMG feedback Is characterized by a strong focus 
on Isolated muscle action. Subjects are Instructed to manipulate 
(Increase) the displayed EMG signal of one muscle or muscle group. This EMG 
signal functions as an Important source of Information containing very 
specific Information concerning the (electrical) activity of that muscle 
group. One could argue that the nature of this feedback forces the subjects 
to a "fixation" on the EMG activity instead of on the movement. The exer-
cise effort. Is as a consequence focussed at the manipulation of the EMG 
signal, and more than once this is probably all they learn. Also in the 
present study the only difference was obtained on the EMG level. 
Gemella, Kalish & Hale (1977) criticized such a treatment method, 
which In their eyes meant an (implicit) return to the classical rehabilita-
tion procedures used before 1940. Indeed, these procedures were character-
ized by a strong fixation on one muscle or muscle group, which was trained 
in isolation. 
If this argument holds, would it mean that EMG feedback is useless and 
that it must be discarded in favour of conventional physical therapy? Prob-
ably not, but the results do indicate that the EMG feedback in the present 
study has been used in a rather obsolete fashion. This is a criticism which 
is valid for all EMG feedback applications where the attention is directed 
at a single muscle or muscle group (see also Mulder & Hulstijn, 1984a or 
Chapters 8 and 9). In the next section we will go further into this issue. 
Moveaent va Action 
There is a hesitating but growing interest in the study of actions 
(Reed, 1982). Motor theories have been criticized because of their artifi-
cial character, based on isolated movements of subjects performing simple 
tasks In a laboratory context or confined to fairly static and unnatural 
conditions. One could even argue that the way questions are asked deter-
mines what solutions are to be expected. A clear example of this can be 
found in the dispute between the peripheralists and centralists in motor 
control. For both, in fact, irreconcilable views data were collected which 
supported one or the other view, dependent on the employed experimental 
strategy (the peripheralist used slow movements whereas the advocates of 
the centralist position used fast, ballistic movements; see Schmidt, 1980). 
This beautifully illustrates that each experimental "context", in a way, 
creates its own results. When a student of motor behavior, interested in 
the principles and processes governing human movement, makes use of sub-
jects, who are to perform simple tasks (e.g., line drawing) under labora-
tory conditions, it is not unconceivable that this specific environment and 
the selected task are responsible for the obtained "laws" of motor control. 
Whether the established principles are also valid for movements performed 
outside the laboratory is often not clear. Whiting (1980) argues: "the 
developmental progress of the experimental laboratory seems to be towards 
less and less complex coordinations, based upon more and more primitive 
stimuli. Perhaps this mismatch alone accounts for the lack of relevance" 
(p. 540). Also, EMG feedback often shows this lack of relevance; the treat-
ment is usually directed at isolated movements trained in a meaningless 
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context instead of at the training of goal-directed actions (see also Mld-
daugh, 1978 and Mulder & Hulstljn, 1984a), i.e., directed at solving a 
problem In the environment. For example, extension and flexion of the arm 
constitutes a movement, but reaching for a cup and bringing it to the mouth 
(which also involves extension and flexion) is an example of an action. Too 
often movements are unduly trained and studied independent of the actions 
of which they are elements. 
Although everyone agrees that functional control and skills have 
developed as a result of a continuous interaction between the "brain" and 
the environment, or, in other words, as a result of the performance of a 
multitude of goal-directed actions, it is, in fact, amazing to observe that 
following damage to the nervous system, re-development often takes place in 
a rigid, laboratory-like environment. At present, the evidence for a close 
relationship between recovery of function and environmental factors is 
accumulating. The relevant studies (using animal subjects) indicate that 
optimal recovery is obtained by providing complex stimulation in a meaning-
ful environment (Bach-y-Rita, 1983). 
Indeed, EMG feedback focussed on single movements or muscles can 
result In an improvement. However, such improvement is often defined in 
terms of increased EMG activity, which is, in fact, a problematic defini-
tion of improvement (see Mulder & Hulstljn, 1984b), and not in terms of an 
improvement in the motor activities of everyday life; a criticism which is 
also valid for the present study. When the latter is taken as a criterion 
the conclusion has to be that EMG feedback is not always more successful 
than conventional physical therapy. 
The efficacy of EMG feedback therapy or any other therapy could be 
improved if the therapeutical process would emphasize the training of 
actions. Hubner, Wehner & Stadler (1982) employed an interesting procedure, 
which aimed at learning the action of walking instead of a single dorsi-
flexion movement. In their procedure, which they termed auto-hetero feed-
back, the electromyographic activity of a muscle group (in this case the 
dorsiflexors of the foot) was fed back in simplified form to one channel of 
a headphone the patient was wearing during the gait training. Simultane-
ously, the electromyographic activity of the "same" muscle group of the 
walking therapist was fed back to the other channel of the headphone. The 
patient had to match these signals during walking. By using this procedure 
it was possible to emphasize the timing and phasing aspects of the task 
during the performance of the entire act rather than merely to increase the 
EMG output sitting in front of a tv monitor. 
A similar procedure is now being used in our laboratory. The subject 
wears a headphone connected to a portable miniature EMG amplifier, which 
delivers to the subject auditory information concerning the electromyo-
graphic activity of a muscle (group). The therapist wears a second head-
phone, also connected to the patient's EMG amplifier. This offers him/her 
the opportunity to intervene during the performance. This device has been 
used in the training of equilibrium control, of agonist - antagonist coor-
dination and of suppressing of spastic antagonistic activity of the m. gas-
trocnemius during walking. 
Final coaaent 
Human beings are capable of making use of artificial sensory informa-
tion for (re-)learnlng voluntary control over several (physiological) func-
tions. The specific information enables the patient to manipulate the func-
tion. This commodity has inspired many researchers to apply artificial 
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feedback techniques In the field of the rehabilitation of persons suffering 
from physical Impairments and handicaps, sometimes with spectacular 
results. More often, however, these feedback techniques have been applied 
as procedures on their own, that Is, Independent of the ongoing physical 
therapy program. In order to Increase the effectivlty of artificial sensory 
feedback methods (e.g., EMG feedback), they should be Integrated in a pro-
gram of therapeutical interventions, aimed at the restoration of functional 
skills. 
A final point which has to be made refers to the selection of the 
patients. The patients in the present study had previously completed other 
conventional rehabilitation programs without re-acquiring the dorsiflexion 
function. Moreover, these patients all suffered from long-term effects of 
stroke; they were selected to minimize the role of "spontaneous recovery" 
as an explanatory principle. The methodological advantage of this selection 
has also an important drawback. For example, these patients had already 
developed many alternative or substitute movement strategies (some with the 
character of a "bad habit") which were very difficult to change. 
From reviews of the recovery of function following CNS lesion it Is 
known that, in order to obtain maximum recovery, active physical training 
should start as soon as possible following the cerebral insult (Bach-y-
Rita, in press). Consequently it can be expected that the efficiency of 
the therapeutical procedures is enhanced by starting the training soon 
after the CNS damage and by incorporating the EMG feedback into a carefully 
designed goal-directed rehabilitation program. 
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CHAPTER 7 
EMG FEEDBACK AND THE RESTORATION OF MOTOR CONTROL: A SYSTEMATIC CASE 
STUDY AND FIVE N-l STUDIES 
Theo Mulder* 
In the present Chapter a systematic case study and five n-l stu-
dies are presented as a possible alternative for group research. 
The goal of these studies was to Investigate the efficacy of EMG 
feedback as a therapeutical procedure In the rehabilitation of 
subjects suffering from (motor) disorders. Although the results 
obtained In the systematic case study are surprising, particu-
larly at the electromyographic level, and although one subject 
out of the five participating In the n-l studies Improved sub-
stantially well, no general conclusions can be drawn because of 
rather conflicting results obtained with the other subjects. 
7.1 Introduction 
As was mentioned In the previous Chapter a major stumbling block to 
the development and evaluation of therapeutic procedures In (neurological) 
rehabilitation has been the difficulty In executing reproducible clinical 
research. Traditional research (In psychology) has emphasized group com-
parisons. In the basic design, a group that receives an Intervention Is 
compared with one that does not. The effect of the Intervention Is measured 
by statistical comparison of means between or among groups, to determine 
whether the obtained differences are likely to have occurred by change. 
However, this experimental method has not lend Itself readily to the reha-
bilitation clinic, where the matching of (large) groups of patients with a 
similar diagnosis often is impossible. Therefore, applied behavior analysis 
(e.g., psychotherapy research) has relied primarily upon intra-subject 
replication designs (N-l studies) rather than between-group comparisons. 
Using this design the effect of an intervention is not compared between 
groups of subjects, assigned at random to one or the other condition, but 
within each subject, in other words, each subject serves as his/her own 
control. The basic procedure of an N=1 design involves the measurement of 
the target behavior during a baseline phase (A), subsequently the introduc-
tion of a certain intervention (B) and finally the measurement of the tar-
get behavior during a second baseline phase (A). During the whole sequence 
repeated measurements are taken of each subject. Several extensions and 
variations of this procedure (ABA) are possible (see Barlow & Hersen, 1973; 
Edgar & BilUngsley, 1974; Kazdin, 1978; Sulzer-Azaroff & Mayer, 1977). 
Although in the field of clinical psychology there Is a growing 
interest in the use of N-l designs, until now the application of this 
single-subject methodology to rehabilitation research remains rare. This 
is remarkable since these single-subject designs seem to be especially use-
ful in rehabilitation research. Therefore in the present text five 
* I am grateful to Ellen Bakker and Ingrid Bots from the physical 
therapy department (University hospital, Nijmegen), who treated 
the subjects. Without their assistance this study could not have 
been performed. 
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operational replications (Edgar & Bllllngsley, 1974) are presented of an 
N-l study. Investigating the application of EMG feedback. In the relearning 
of motor control following brain damage. 
However, before these N-l studies will be described, a systematic case 
study will be presented concerning the use of EMG feedback. Although one 
could argue that a case study cannot generate scientifically valid evidence 
and has low Internal validity, the study will be described since It gives 
the reader a clear Impression of the used therapeutical procedure and 
equipment and of the many problems associated with relearning voluntary 
control following brain damage. 
7.2 A systematic case study 
Method 
Subject. 
The patient was a 56 years old left hemlparetlc male, suffering from 
the consequences of a cerebrovascular accident, which took place July 1980. 
Since then he received intensive physical therapy, four times a week, 
without substantial Improvement. The patient showed severe spasticity of 
the left arm. In which he could not initiate any active voluntary movement. 
He also presented a serious gait distortion. His ambulation showed all the 
typical characteristics of hémiplégie gait, such as flexion of the arm and 
fingers, extension and circumduction of the leg. 
According to Wall & Ash bum (1979), the inability of a hemlparetlc 
patient to walk in a normal way might be related to: a loss of selective 
movement patterns; a disorder of the normal postural mechanisms and to a 
sensory deficit. Normal gait Is a very stereotype action, the activation of 
the leg muscles and the movements they control follow regular patterns with 
highly limited variations (Knutsson, 1981). Hemlparetlc gait has lost this 
stereotype action, the gait is asymétrie and irregular. 
During walking the patient in the present study showed instability in 
the hip - and knee-joints, severe hyperextension of the knee and a complete 
lack of dorsiflexion. Toe-dragging was manifest during the swing phase. The 
gait was very slow (0.6 m/sec) and irregular, the smooth motor performance 
was desintegrated and it seemed if each link in the movement chain required 
its own Isolated impulses. The patient was not able to inhibit irrelevant 
movements in the same spatial domain. For example, an attempt to dorsiflex 
the left (paretic) foot immediately and involuntary resulted in flexion of 
the other limbs (knee, upper leg, arm, wrist, fingers). There was a mas-
sive flexor synergy and it was very difficult for him to dorsiflex the foot 
with his leg extended. Hence, selective dissociation between elements of a 
movement chain was almost impossible. The selection and modification of 
synergies in an orderly sequence while suppressing unwanted components and 
to Join the elements of the movement together in a total goal-directed 
action was impossible for the patient. 
Procedure 
The therapy consisted of five separate parts: an assessment session; a 
pretreatment evaluation; the EMG feedback training, a post-treatment 
evaluation and a one year follow up measurement. 
Because of the experimental character of the treatment, the primary 
therapeutical goal was rather limited. The main focus was on improving dor-
sif lexion of the ankle and by this improving the gait. No therapeutic 
81 
attention was payed to hip and knee instability, although these are signi-
ficant elements in normal coordinated gait. The present therapeutical study 
was focussed on the question to what extend artificial sensory feedback 
(EMG feedback) would be a useful aid in the re-acqulsltlon of dorslflexion 
of the foot. 
Prior to treatment begin there was an assessaent session in which was 
decided if the patient was suited for EMG feedback therapy or not. Subjects 
were rejected if they suffered from memory or attention defects, from 
aphasia, from a degenerative muscle disease (e.g., progressive muscle dys-
trophia) or if spontaneous recovery was evident. During the assessment ses-
sion the main (motor) problems of the patient were evaluated and the thera-
peutical goal defined. As already argued, in this case the therapeutical 
attention was directed on the Improvement of voluntary control over the 
muscles which dorsiflex the foot. The patient was told very explicitly that 
the EMG feedback therapy did not assure a cure but maybe could offer a pos-
sibility to increase voluntary muscle control. 
Prior to the first EMG feedback session the gait of the patient was 
analyzed in a pre-treateent evaluation session. The gait was evaluated, 
using video recordings and by means of surface electromyographic registra-
tion of relevant muscle activity during ambulation (see Chapter 6 for a 
detailed description of the used procedure). 
The EMS feedback treatment consisted of 15 sessions (three times a 
week, during five weeks). The treatment was divided in three stages. During 
the first stage the subject had to exercise the dorslflexion of his 
(paretic) foot with his knees flexed. When this could be managed without 
much difficulty the same task had to be performed with the knees extended 
(which is much more difficult for a hemiparetic patient). The primary aim 
of these first two stages was to increase "muscle sense" and muscle 
strength. When the strength of the target muscle (In this case the m. 
peroneus brevis) was significantly Increased, the third stage was intro-
duced. During this third stage the patient had to walk on a treadmill (0.6 
m/sec) and had to incorporate the improved dorslflexion capacity in the 
action of walking. This third stage was considered as particularly impor-
tant for the generalization of the obtained movement control to the perfor-
mance of functional skills such as walking. 
The measurements of the pre-treatment evaluation were repeated in a 
post treatment evaluation, performed after cessation of the therapy and 
again repeated one year after completion of the therapy. In this way the 
long-term (functional or generalized) effects of EMG feedback could be 
measured. Each therapy session (which lasted about 60 minutes) started and 
ended with the registration of the range of motion (ROM); strength of the 
target muscles; maximum electromyographic activity during a 5-s test-trial 
and an analysis of the patients gait. 
ROM measurements were taken with the subjects in a comfortable 
semireclining position with the knees successively flexed and extended. 
Three goniometrie measurements were taken of the subject's active dorsl-
flexion motion and the largest ROM was considered maximum for that day. The 
three measurements were repeated at the end of the session. 
Isotonic muscle strength was measured using a spring gauge. The sub-
jects foot was secured to a foot pad and he was instructed to dorsiflex the 
foot with as much force as possible. This was repeated three times and the 
largest force was considered as the maximum strength for that day. Care was 
taken that mass action of the total leg as well as reflex activity did not 
confound the results. These measurements were also repeated at the end of 
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each session. 
The maximum electromyographic activity was measured during a 5-s test 
trial in which the subject had to generate as much EMG activity as possi­
ble. This was repeated three times and the highest activity was taken as 
the maximum EMG activity for that day. 
Prior to each session a functional analysis of gait was made according 
to the quality of the dorslflexion (Table I). 
0 NO DORSIFlfXION, С С М Ш Е FOOTDROP, CONSTANT 
TOE DRAGGING 
1 TRACE DORSIFLEXION, PRIMRILY REFLEXIVE IN FLEXION 
SYftCRGY, CONSTANT TOE DRAGGING 
2 POOR DORSIFLEXION, CONTINUES TO DRAG TOES DURING 
SWING THROUGH, OCCASIONAliY ENTIRE S0Œ DOM IN 
EARLY STANCE, FOOT F U T 
3 FAIR DORSIFLEXION, OCCASIONAL HEEL-TOE GAIT PATTERN, 
MDST FREQUENTLY ENTIRE SOLE DOWN IN EARLY STANCE 
4 GOOD DORSIFLEXION, GOOD E L - T O E GAIT PATTERN, 
WHEN PATIENT TIRES REVERTS TO TOE DRAG AND OR 
FOOT FLAT 
5 NORM. TCE-TOE GAIT PATTERN 
TABLE 1 D E S C R I P T I O N OF THE GRADING SYSTEM FOR G A I T EVAUJATION 
( E A S M A J I A N , KUKULKA, NARAYAN & TAKEBE, 1975) 
The patient was asked to walk in front of the therapist who gave a value 
(ranging from 0 to 5), according to the same grading scale as was used by 
Basmajian, Kukulka, Narayan & Takebe (1975). 
The first therapy session started with a brief demonstration, carried 
out on a normal muscle, showing the patient the relation between muscle 
activity and perceived visual and auditory feedback. The way in which the 
electromyographic activity would appear on the tv screen was explained to 
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the patient. The electrode placement followed Delagl & Perotto (1980). In 
order to keep the electrode position constant across the sessions, the skin 
was marked. After the evaluation measurements (which lasted about 10 min) 
the therapy started. The EMG feedback training was highly structured, that 
Is, the patient received unambiguous Instructions and each trial (which 
lasted 40 s) was followed by a rest period. The use of sufficient rest 
periods was very Important since Mulder & Hulstljn (1984b, see also Chapter 
5 of this book) Indicated that the surface electromyogram was very sensi-
tive to fatigue; fatigue resulted in a dramatic increase in EMG output 
which could confound the results of the EMG feedback training. The patient 
was instructed to dorsiflex his foot (or to increase the EMG output 
displayed on the screen). During each trial the subject received immediate 
feedback about the electrical activity of his target muscle. He was 
instructed to use this artificial sensory information for correcting his 
next attempts. The feedback signal enabled the patient to make immediate 
comparisons between desired outcome and actual outcome. In this way con-
tinuous corrections were possible, even before the actual movement took 
place. 
However, before actually performing the movement he had to concentrate 
on it and to Imagine the desired movement as vividly as possible. To guide 
his effort the patient was Instructed to use verbal commands, that is, to 
use verbal self-instructions. After each trial a rest period followed in 
which the patient had to verbalize his attempt. He had to "explain" the 
used strategy. Inappropriate strategies (e.g., tensing too many muscles In 
order to increase the EMG output) had to be discarded and more appropriate 
ones retained. 
I realize that this sort of "data acquisition" can easily be dismissed 
as a variant of the discredited process of introspection. However, although 
It could be worthless for verification, it may be useful for the discovery 
of psychological processes (see Ericson & Simon, 1980). These mental and 
verbal aids were also employed since verbal-cognitive activity plays an 
Important role during the first phase of motor learning (Adams, 1971, 
Schmidt, 1975a). It is reasonably well established that mental practice can 
facillltate the acquisition of motor control, although how it does is not 
at all clear (Minas, 1980; Singer, 1975). Hence the EMG feedback training 
as described here could be considered as a combination of mental practice 
and physical active training. This combination was selected because several 
studies indicated that this form of training was superior compared to phy-
sical practice alone (McBride & Rothstein, 1979; White, Ashton & Lewis, 
1979). 
7.3 Results 
The patient cooperated fully to the EMG feedback therapy and he used 
the artificial sensory feedback as a new source of information which he 
intensively used for correcting his efforts. Figure 7.1 shows the results 
of the 15 therapy sessions for the muscle strength, the electromyographic 
activity of the target muscle (m. peroneus brevis) and the gait evaluation. 
The muscle strength and EMG activity (averaged across the six test trials 
per session) are plotted in the graph. Using a non-parametric test (Ken-
dalls rank correlation coefficient), it was indicated that the increase of 
both the muscle strength and the EMG output was significant (p < .01, the 
z-values were respectively 2.70 and 4.74). The range of motion (dorsiflex-
ion capacity) differed also across the 15 therapy sessions. However, the 
inter-session variability was large and functionally the result was not 
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impressive. The galt Improved slightly during the EMG feedback training as 
Is Indicated in Figure 7.1. 
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Figure 7.1 shows the EMG, muscle-strength and gait analysis 
results across 15 therapy sessions. The data points In the EMG 
and muscle-strength curves represent the mean electrical activity 
and strength, averaged across the 6 test trials of each therapy 
session (for further explanation see text). 
Figure 7.2 shows the electromyographic activity of the target muscle dur­
ing walking (three gait cycles, 4 s). The EMG activity Is presented before 
therapy (part A of Figure 7.2), after the completion of the treatment 
(part B) and one year after cessation of the EMG feedback treatment (part 
C). It Is Indicated that before therapy the muscle showed only Isolated 
potentials whereas at the post-treatment evaluation session the muscle 
showed a cloar phaslr firing pattern, which Indicated that there was not 
only an Increase In muscle strength and EMG activity during the test trials 
but also a better timing and phasing of the muscle during walking. Part С 
of the Figure Indicati'» a deterioration of the timing and phasing aspects 
of the EMG signal one year after completion of the therapy. Also the "dor-
slflexlon quality" during walking had returned to the pre-treatment, that 
Is, zero level. 
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Figure 7.2 shows the electromyographic activity of the m. 
peroneus brevis (the target muscle) during walking, registrated 
before the start of the EMC feedback therapy (A), after comple-
tion of the therapy (B) and one year after cessation of the EMG 
feedback training. 
7.4 Five N-l studies on releaming motor control 
As already argued rehabilitation research in humans Is relatively 
scarce since severe methodological difficulties have limited effective 
research. For example it is extremely difficult to find sufficient numbers 
of patients with similar lesions for matched groups designs. Due to these 
factors there is a growing interest in the use of single subject designs. 
The primary advantage of repeated measures on the same subject is that 
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Individual differences are controlled. Especially In applied rehabilita­
tion research this Is an important advantage since the differences between 
subjects are often quite large relative to differences in treatment 
effects. 
In this section the results of 5 N=1 studies on the use of EMG feed­
back In (re-)lcarnlng motor control are presented. 
7.5 Method 
Subjects 
Five subjects (two male and three female) participated In the study. 
The mean age was 43.2 years, with a range of 12 to 62 years. Two subjects 
suffered from a disorder of central origin (cerebrovascular accident) and 
three had a peripheral disorder (respectively a n. femoralis a n. ulnarls 
lesion and a n. peroneus lesion). 
Procedure 
The treatment procedure consisted of 21 sessions of approximately one 
hour. The used N=1 design was an A-BC-B-BC-A design. There were three base­
line sessions (A), followed by a sequence of five sessions in which the 
subjects received physical therapy and EMG feedback (ВС). This period was 
followed by five sessions in which the subjects received only physical 
therapy (B) and after that again five sessions of a combination of physical 
therapy and EMG feedback followed (ВС). Finally the treatment sequence 
ended with three baseline sessions (A). The therapeutic procedure was in 
general the same as described in section I of this Chapter. Also for these 
subjects the main goal of the therapy was to restore the subjects knowledge 
how to control the muscle(s) and to increase the coordination (tonus regu­
lation) and force. The same "mixture" of mental practice and physical 
active practice was used. 
Table II shows the five subjects, type of disorder, treatment goal and 
electrode position. 
Each session started and ended with the registration of the maximum 
and mean electromyographic output during a 5-s test trial In which the sub­
ject attempted to generate as much force/movement as possible with the limb 
under training. For example, subjects one and two tried to extend and flex 
the wrist as far as possible, whereas subject three had to extend the knee 
and subject four was required to abduct the thumb. No quantltive standard­
ized measurements were taken of therapy improvements, although the thera­
pist evaluated the observed changes in subjective terms, for example: no 
capacity to lift the hand, minimal voluntary control, capacity to lift a 
cup etc. 
7.6 Results 
Figure 7.3 shows the results of the five n=l studies. Subjects 1 and 
2 clearly show a different reaction to phase ВС (Physical therapy and EMG 
feedback), than to phase В (Physical therapy). There is an increase of the 
mean and maximal EMG activity during the ВС period, followed by a decrease 
of this activity during the В phase. The EMG results for the subjects 3, 4 
and 5, however, are less clear. Almost no difference in the EMG output can 
be observed across the 2 treatment conditions. The EMG output remains 
stable at a certain level during the whole therapy sequence. Although the 
level of the EMG output gives some impression concerning the subject capa­
city to contract (control) the activity of a muscle, it gives no 
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information about the Increases In functional use of the muscles. 
Functional Improveaente 
As already said no quantitative (objective) measurements were taken of 
the observed therapy effects. However, from the therapy protocols (kept by 
the therapists) It was clear that the effects differed over the 5 subjects. 
Whereas subject 2 showed an Impressive Improvement during the therapy ses-
sions, this was not the case for the other subjects. Subject 2, who was 
completely unable to use the little finger at the start of the therapy, 
regained this function to an almost normal level. The finger function 
could be used In activities of dally living (e.g. handling of kitchen 
tools). This result was surprising because the subject had previously com-
pleted other (conventional) rehabilitation programs without sucess. One 
year after cessation of the therapy this Improvement was still maintained. 
7.7 Discussion 
In the present Chapter a systematic case study and five n-1 studies 
were presented as a possible alternative for group research. The main goal 
of these studies was to investigate the efficacy of EMG feedback as a pro-
cedure for retraining motor control following damage to the (central or 
peripheral) nervous system. The results however are again rather conflict-
ing. Although the results obtained in the systematic case study were 
promising and one subject in the n=l studies showed a remarkable improve-
ment, no general conclusions can be drawn. Also in this study it became 
clear that some subjects were able to use the displayed EMG signal for 
manipulating the output of a muscle. This was, for example, clearly indi-
cated In the results of the subjects 1 and 2. However, as already argued 
earlier in Chapters 2 and 6, this specific ability did not always transfer 
to an improvement of function, that Is, the EMG activity was manipulated as 
an Isolated phenomenon without a relation to functional movements or 
actions (see also Chapters 8 and 9 for a more detailed discussion). The 
subjects were too much focussed on the EMG trace and their strategies were 
therefore also focussed at the manipulation of this signal. To prevent this 
in the future, EMG feedback has to be incorporated into a larger frame of 
therapeutical interventions, aimed at the learning of actions instead of at 
the learning of single muscle control. In the next Chapters this issue will 
be discussed In more detail. 
Table II 
S Dlag. Treatment Goal Electrode Position 
1 CVA Extension and flexion of the wrist n. Extensor Dlgltorum Como. 
2 CVA Extension and flexion of the wrist n. Extensor Dlgltorum Comtn. 
3 n. Femoral is Extension of the knee m. Vastus Medialls 
Lesion 
1 n. Ulnaris Abduction and opposition of the m. Abductor Digit! Minimi 
Lesion little finger m. Oponens Digiti Minimi 
5 n. Peroneus Dorsiflexion of the foot m. Tibialis Anterior 
Lesion 
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CHAPTER 8 
SENSORY FEEDBACK THERAPY AND THEORETICAL KNOWLEDGE 
OF MOTOR CONTROL AND LEARNING* 
Theo Mulder & Wouter Hulstijn 
Generally the application of artificial sensory feedback therapy 
(e.g., EMG biofeedback) In neuromuscular rehabilitation Is con­
ceived as a psychophysiological operant conditioning technique. 
Until now there are almost no attempts to link these methods to 
modern psychological theories of motor control. In the present 
article a critical review is given of four theoretical systems 
concerning motor control: closed-loop theory, open-loop theory, 
schema-theory, and finally a brief overview is presented of 
recently developed notions on heterarchical and distributed con­
trol. Artificial sensory feedback therapy (e.g., EMG feedback) 
will be described against this theoretical background, with an 
emphasis on the role of feedback in motor learning and motor con­
trol. The implications of these theories for new directions in 
sensory feedback therapy were discussed. 
8.1 Introduction. 
Sensory feedback therapy (e.g., EMG feedback) can be described as a 
technique to reveal to the subject visual and/or auditory information con­
cerning his/her internal physiological events (e.g., electromyographic 
activity of the muscle) in order to teach the subject to manipulate or con­
trol these events. It seems to be a promising technique in neuromuscular 
rehabilitation and since the 1960s an impressive number of clinical studies 
have appeared supporting this notion (for a review see Keefe & 
Surwitt,1978; Fernando & Вasmajian, 1978). However, until now very few stu­
dies have focussed on a theoretical analysis of these feedback techniques. 
Therefore in the present text we will discuss recent theoretical concepts 
of motor control and learning as applied to the clinical use in neuromuscu­
lar rehabilitation. 
The application of feedback is often conceived as an operant (electro­
physiological) conditioning technique (Cataldo, Bird & Cunningham, 1978). 
Although learning-theory concepts such as reinforcement and shaping do play 
a role, it would be fruitful to relate the rich clinical material on sen­
sory feedback training to modern theoretical knowledge of motor learning 
and motor control. 
Neuromuscular rehabilitation can to a large extend be viewed as motor 
learning. The patient has to regain coordinated movements (walking) or to 
learn totally new coordinated movement patterns (walking with a prosthesis) 
or to inhibit involuntary muscle action. 
Historically, three different theoretical notions have been developed 
to explain the control of skilled movements. These notions are: closed-
loop (feedback dominated) motor control, open-loop (program dominated) 
motor control and schema-governed motor control (for a review of classical 
* Appeared as a special review in The American Journal of Physi­
cal Medicine, 1984, 63, 226-244. Reprinted with permission. 
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stimulus-response theories or chaining theories see Adams, 1968; Greenwald, 
1971; Semjen, 1977). More recently dlstributed-control and heterarchlcal-
control theories have been developed. In the present text these theoretical 
notions will be described. Because the concept of feedback indeed plays a 
crucial role in sensory feedback theory the main focus will be on the role 
of feedback in motor learning and control. 
8.2 Closed-loop theories of aotor control 
A closed-loop system can be decribed as a self-regulating system which 
has feedback, error detection and error correction as its key elements. 
There is a reference or template that specifies the desired value for the 
system, the output of the system Is fed back and compared to this reference 
for error detection and if necessary error correction takes place. A 
detailed description of a closed-loop theory of motor control Is given by 
Adams (1971,1976). 
Adams (1971) stated that a continuous comparison between the memory of 
the sensory consequences of past movement, which is called (image, refer-
ence, neural model or) perceptual trace and the immediate feedback from the 
ongoing movement constitutes the basis for motor control. The perceptual 
trace can be viewed as a reference for adjustment of movements on the basis 
of received peripheral feedback. This perceptual trace is fundamental for 
Adams' learning theory. During training/therapy this perceptual trace 
develops and becomes more precise as a result of sensory feedback. 
Proprioception forms an essential source of sensory feedback, but also 
visual, auditory and tactile information are important for the development 
of the perceptual trace. The more feedback is available, the stronger 
becomes the perceptual trace and the more efficient are the processes of 
error detection and correction. 
Beside the perceptual trace, which is responsible for the moment-to-
moment guidance of behavior and which can be defined as a set of references 
of correctness, Adams (1971) proposed another trace, the aemory trace, 
whose role it is to select and initiate the response, preceding the func-
tioning of the perceptual trace. This memory trace, is in fact, a motor 
program, operating without feedback (further in the text the term motor 
program will be explained). Also the strength of the memory trace grows as 
a function of practice. With the introduction of these separate memory 
states Adams made a distinction between response production and response 
identification. Analog to the domain of verbal learning he introduced the 
concepts recall and recognition. At the beginning of a movement there is 
motor recall, which is based on the memory trace. Knowing whether the move-
ment is proceeding correctly or not is a matter of response recognition and 
the perceptual trace. In the closed-loop theory, feedback plays a dominant 
role in the learning (and control) of a movement. Especially during the 
first phase of learning (the verbal motor stage) when the perceptual trace 
has to be developed, feedback is essential. The feedback is used to make 
the next response different from the previous one. The mechanism, responsi-
ble for evaluating the correctness of a particular response develops as a 
function of the sensory feedback impinging upon it. Without precise feed-
back the perceptual trace can not be developed or forms only a "weak" 
reference. Such a reference is a poor guide for responses and the result 
will be that performance hardly improves. 
Accepting the closed-loop theoretical framework, implicates that the 
continuous availability of sensory feedback is necessary for motor control. 
Any sizeable deficit in the flow or organization of afferent sensory 
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Information (both proprioceptive and exteroceptive) will result in a dis­
turbance of skilled motor performance. 
Older Russian theories (Luria,1963,1966,1973) also stressed the cru­
cial role of peripheral feedback in the coordination and control of volun­
tary movements. Bernstein (quoted by Luria, 1966) concluded from a series 
of investigations that voluntary movements cannot be controlled by efferent 
impulses alone. For complex movements to be controlled, he believed there 
must be a constant flow of afferent impulses, which make precision of the 
movements possible and which ensure that they are subject to an extensive 
and flexible system of corrections. 
Closed-loop models, however, are. In fact, limited to movements such 
as tracking behavior or movements in which the limb is moving slowly 
through space. The closed-loop models have difficulty in explaining how 
rapid movements are controlled (Schmidt,1982). 
8.3 Open-loop theories of воtor control 
Contrary to these feedback centered notions, Lashley as early as 1917 
stated that movements were centrally controlled. He argued that the higher 
centers of the central nervous system possessed all the information neces­
sary for movement coordination. Coordination can be defined as the orderly 
activation of functional units, it is the principle according to which from 
among a large number of units (e.g., muscles) certain fixed combinations 
are activated in definite associations and sequences. According to the 
open-loop theorists this control and coordination is possible because a 
central mechanism or motor program contains the information necessary to 
specify the temporal and quantitative aspects of the movement. Keele (1968) 
defined a motor program as a sequence of stored commands that "is struc­
tured before the movement begins and allows the entire sequence to be car­
ried out uninfluenced by peripheral feedback" (p. 387). 
In 1917 Lashley described a patient deprived of all sensations from 
his lower limbs as a result of a gunshot wound. The patient however had not 
lost the efferent pathways, so that he was still able to move. Lashley 
asked the subject to perform some positioning movements with the knee joint 
without vision. From the observations he concluded that the deafferented 
subject could position his leg as well as normal subjects and that feedback 
from the limb was not necessary for the production of the desired move­
ments. According to Lashley movement was controlled by means of a centrally 
stored program. 
Evidence in support of Lashley's motor program notion came mainly from 
studies that surgically eliminated kinesthetic feedback in animals (Wil­
son, 1961; Nottebohm,1970; Fentress, 1973). However this deafferentation 
research was generally performed with "lower" animals such as locusts, 
birds and mice. Since the motor programs evident in these species are prob­
ably innate these studies do not provide much evidence on the possibility 
that acts in humans can be programmed. Therefore Taub & Berman (1968) 
ascended the evolutionary ladder and performed their classical series of 
experiments with rhesus monkeys. They surgically eliminated all kinesthetic 
feedback from one of the frontpaws and showed that, following post­
operative recovery, the monkeys could use the affected limbs in an 
apparently normal way. These experiments led them to conclude that "once a 
motor program has been written in the central nervous system, the specified 
behavior having been initiated, can be performed without any reference to 
guidance from the periphery. Moreover there does not appear to be any rea­
son why the initiation, the trigger, cannot also be wholly central in 
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nature". 
Other more recent experiments also showed that sensory feedback Is not 
necessary for the development of walking despite blinding and deafferenta-
tlon shortly after birth (Taub, Perella & Barro, cit. by Summers, 1981). 
Although these results seem convincing, two Important problems have to 
be mentioned here: First, Bossom & Ommaya (1968) criticized the surgical 
techniques and suggested that not all kinesthetic feedback was eliminated; 
second, a clear distinction has to be made between, fine manipulative move-
ments and gross repetitive motor skills. Although Taub and Berman showed 
that walking patterns remained Intact after deafferentatlon, the elegance 
and smoothness (kinetic melody) of the movement was lost. Precise movements 
and fine motor control were disturbed. These results led Keele and Summers 
(1976) to conclude that: "gross rhythmic movements, like walking, can be 
controlled without feedback, but that finer manipulative skills or more 
distal skills are dependent on feedback" (p. 113). 
Lashley thought the motor program as operating Independently of peri-
pheral feedback. Although this may be the case In fast, highly learned or 
Innate movements a strict application of this tenet to all movement Is 
unrealistic. However, even with very fast (ballistic) movements there Is 
growing evidence that feedback can be useful In much shorter time frames 
than traditionally assumed (Everts & Tanjl, 1976). Also Pew (1974) criti-
cized the rigid motor program notion and stated that there Is no direct 
evidence In humans of a motor program. For, to prove the existence of a 
motor program It Is necessary to show that feedback Is present In movement 
but Is not used or that feedback Is not present and movement can still 
occur. Neither of these possibilities have been shown experimentally 
(Schmidt, 1975b). 
8.4 Probleas «1th closed-loop and open-loop theories of aotor control 
On our attempt to link artificial sensory feedback techniques to 
modern theoretical knowledge of motor control we described two Influential 
notions, which, In their traditional and rigid form, are diametrically 
opposed to each other. We pursue our theoretical journey by mentioning 
three Important and closely related problems which could not be solved by 
these theories. Subsequently we will describe a possible solution for this 
theoretical Impasse. The three Issues to be discussed first are: the prob-
lem of the degrees of freedom; the flexibility problem and the storage 
problem. 
The problem of the degrees of freedom: This problem was mentioned by 
Bernstein (1967). It Is concerned with the very complex and unconstrained 
mechanical properties of the skeleto- muscular system. Each muscle joint 
system can move In a large number of ways, the number of different ways of 
moving - the degrees of freedom - is for most movements huge indeed. The 
higher levels of the central nervous system cannot be charged with specify-
ing all the possible details, with the whole set of possible commands. The 
question now is: how can such a flexible system be controlled? 
The flexibility problem: This problem refers to the fact that the same 
movement patterns can be performed with different muscle groups and that 
movements are never performed in exactly the same way twice. Even the same 
movements performed under identical environmental conditions have been 
shown by cinematographic analysis to result in slightly different movement 
patterns (Higgins & Spaeth, cit. by Summers, 1981). This means that, in 
fact, we continuously perform novel movements. The basic question now is: 
how does the brain "know" how to control these novel movements or, in other 
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words, how can a reference of correctness be acquired If no situation ever 
repeats Itself? In this context Turvey (1977) mentioned Bernstein's often 
quoted example of writing the letter "A". The letter "A" may be written 
without moving any muscles or joints other than those of the fingers. Or it 
may be written through large movements of the whole arm. Or, more radi-
cally, by clenching the writing instrument between one's teeth or toes. 
Turvey: "The essential question about our writing task can be stated more 
fundamentally: how can I produce the Indefinitely various instantiations of 
"A" without previous experience of them" (p. 213). 
The storage problem: Both open-loop and closed-loop notions implicitly 
accept the idea of a separate model or program for each movement; in other 
words they both accept the idea of a one-to-one mapping between motor pro-
grams and performed movements. For example in Adams' closed-loop theory it 
is clearly proposed that the reference (perceptual trace) is developed 
through a learning process for each movement. However, if there exists a 
separate model or reference in memory for every movement that we can make, 
our central nervous system should possess an almost inexhaustible storage 
capacity. Although there is no evidence that this is not the case, it is 
scientifically more parsimonious to suggest mechanisms that do not need 
this amount of storage. 
8.5. The schema 
To solve these problems Gestalt-psychological concepts were re-
introduced in the domain of motor behavior. Schmidt (1975b,1976) attempted 
to deal with the problem of movement flexibility by introducing the schema 
notion. The schema can be viewed as a principle or rule which makes it pos-
sible to reduce groups of separate phenomena (e.g., movements) to a single 
category, or as Summers (1981) formulated It: "the schema memory is seen as 
containing the general characteristics about a movement" (p. 53). To deal 
with the storage problem Schmidt modified the traditional motor program 
concept, which implied a separate motor program for every movement, into a 
generalized motor program for a class or category of movements, for example 
there are no x-motor programs for the x-ways of throwing a ball but a sin-
gle program for this category of movements. 
In analogy with Adams' theory, Schmidt proposed two separate memory 
mechanisms, one for recall and one for recognition. Recall memory (recall 
schema) is responsible for the generation of impulses. Rapid ballistic 
movements are carried out under the complete preprogrammed control of the 
recall memory structure. Hence, with rapid movements recall memory func-
tions as a motor program. Recognition memory (recognition schema) is 
responsible for the evaluation of response-produced feedback. This recogni-
tion system is primarily responsible for error detection and is in fact 
identical to Adams' perceptual trace. Contrary to recall memory, recogni-
tion memory operates after the movement is completed, providing expected 
sensory consequences against which the response produced feedback stimuli 
are compared, with any resulting discrepancy indicating that an error has 
occured (Schmidt,1976 p.46). With slower movements, the movement is per-
formed under combined control of recall and recognition memory, during 
which the short preprogrammed movement segments are continuously compared 
with the expected sensory consequences. 
Now, taking Schmidt's schema theory as our starting point, how can we 
describe the performing of a movement? Let's suppose a subject wants to 
throw a ball to another subject. How is this movement stored and eventually 
learned? Schmidt (1976) stated that when a subject makes a movement he/she 
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stores four sources of Information. These sources of Information are: (a) 
the Initial conditions, which refer to the required information about the 
pre-response state of the muscular system and the environment (propriocep-
tive information, auditory and visual information) ;(b) the response 
specifications for that particular movement, that is he/she stores the 
information concerning the distance to the other subject, the forces and 
speed involved etc. (c) The sensory consequences, this information consists 
of the proprioceptive and exteroceptive consequences of the response, of 
the actual feedback stimuli received from the ears, eyes, proprioceptors 
etc. (d) The response outcome, this fourth source of information stored 
after the movement, is the success of the actual movement in relation to 
the desired outcome. This Information is usually presented by the experi-
menter or therapist in the form of Knowledge of Results (KR), but also 
comes from the subject's own (visual) inspection of his/her movement (e.g., 
she/he saw the ball did not reach the subject). 
These four sources form the key elements in Schmidt's theory. The 
recall and recognition schemata, which have to develop during motor learn-
ing are abstract relations between the above-mentioned sources. Schmidt 
(1976): "The recall schema is the relationship built over past experiences 
and the initial conditions" (p. 47). This relationship is updated on each 
successive trial. After a great deal of experience this relation forms an 
abstract representation in memory of the correctly performed responses. Not 
all individual responses, however, are stored but the abstract schema of a 
response category. 
The recognition schema develops in a similar way but with different 
variables, the recognition schema is the relationship between sensory 
consequences, actual outcomes and initial conditions. Schmidt (1976): "When 
the subject makes a novel movement, having the desired outcome and initial 
conditions specified, the schema will generate the expected sensory conse-
quences of that movement. The expected sensory consequences are compared 
with the sensory consequences to define an error" (p.50). 
8.5.1 New aovenents: the novelty problem 
How can a subject perform a movement which he/she has never made 
before? Schmidt (1975b, 1976) proposed a principle, which he termed schema 
rule. He stated: "When a subject attempts to produce a novel movement he 
enters the schema with the desired outcome and the initial conditions and 
the schema rule produces the response specifications for that movement " 
(p. 47). 
A serious problem however is reflected in the following question: how 
does the schema theory explain the performance of a movement for which no 
schema or program exists? This problem is, strange enough, not solved by 
the schema- theory. Although Schmidt (1975) stated that "the focus of the 
theory was on the development of motor programs" (p. 233) it can be argued 
that the theory in fact is not on the development of a new schema or pro-
gram but on the application or modification of already existing motor pro-
grams. The material on motor learning generally dealt with very simple and 
highly overlearned movement patterns (simple arm or finger movements). 
Because Schmidt stated that there were no movement-specific programs but 
categorical generalized programs it can be argued that the subjects in 
these experiments did not need to learn a new program, they only had to 
modify or apply already existing programs or schémas. Until now there is 
virtually no resarch on the learning of movements for which no program or 
mental representation exists (see also Van Ros sum, 1980; Mulder & Hulstijn, 
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1985). 
Although the schema-theory has been very influential and has important 
advantages over the traditional open-loop and closed-loop theories, there 
remain a few serious problems. For example, Schmidt (1976), by proposing 
the generalized motor program as a program "formed in the central nervous 
system that contains stored muscle commands with all the details necessary 
to carry out the movement" (p.46), is reintroducing the open loop notion 
through the back door. Again a central control mechanism is postulated and 
under this aspect the schema theory can be considered a traditional 
hierarchical theory. An important merit of Schmidt's theory, however, is 
that movements are not described in terms of an automatic efferent process 
but that movements are constructed by means of rules. 
8.6 Action versus шо ешепс 
There is a growing interest in the study of action instead of movement 
(Turvey,1977; Newell,1981; Whiting,1980; Reed,1982). Motor theories are 
criticized because of their artificial character. That is to say, they are 
regarded as derived from the movements of experimental subjects who had to 
perform in an impoverished environment, devoid of vision and confined to 
rather static and unnatural conditions (Newell,1978). Also Whiting (1980) 
argued: "The developmental progress of the experimental laboratory seems to 
be towards less and less complex coordinations based upon more and more 
primitive stimuli. Perhaps this mismatch alone accounts for the lack of 
relevance" (p.540). Jenkins (1981) stated: "When one looks at the models 
psychologists build, one discovers in fact, that they are not models of the 
mind, but rather models of the task being performed by the subjects". This 
is a criticism which is very relevant for traditional motor theory. 
Traditional motor theories are movement theories, about subjects who 
have to perform a simple laboratory task (e.g., positioning). The focus is 
not on the link between environmental conditions and the performance but on 
the conditions in which a limited, artificial task can be performed. Adams' 
closed-loop and Schmidt's schema-theory are in this sense movement 
theories. 
German theoreticists, belonging to the tradition of the 
"Handlungstheorie" (Stadler, Schwab & Wehner,1978), have specifically 
emphasized the importance of studying total meaningful goal-directed 
actions instead of isolated simple movements. Also Reed (1982) questions 
"whether a laboratory demonstration that a given movement can be triggered 
by, say, a simple stimulus, has any relevance for explaining the organiza­
tion of movements in unconstrained creatures" (p.109). He describess a phy­
siology of activity based on evolution and ecology as opposed to the tradi­
tional mechanistic physiology of reactions, which assumes an inactive 
organism in rigid equilibrium with the environment. Bernstein (1947, 
quoted by Mecacci,1979) argued that the traditional physiology of reactions 
was dominated by the "conviction that the whole is always the sum of Its 
parts and not more than this (....) and that sufficient knowledge of single 
bricks would be enough to comprehend the building constructed of them" 
(p.90). The physiology of activity instead, starts from the idea that the 
organism is in a constant non-equilibrium with the environment. The organ­
ism must evaluate the situation in which it finds Itself and coordinate and 
regulate its behavior to attain the best adaptation. Since the environmen­
tal situation varies continuously the behavioral activity can not be 
rigidly predetermined, but must be plastic, subject to modifications and 
readjustments. Leontjew & Zaporozhets (1960) stated that movement is not 
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an Isolated and Independent process, but that It accomplishes a relation-
ship of the subject to reality. 
Movements are elements of a larger frame, termed action. These ele-
ments are by no means independent entities which can be studied on their 
own; they can only be understood against the background of the action of 
which they are a part. It Is Important to see the definite connection 
between action and environment. A movement forms only one single element, 
it is a component of an action. Therefore it should be studied in this 
action-related functional context. Also Stelmach & Larlsh (1980) stated: 
"The major point is, that we should no longer focus on just the motor act 
Itself, but rather emphasis should be placed on the contiguity between con-
text and action" (p.142). 
8.6.1 Action 
Actions are usually characterized by an intention (e.g., "walk to the 
table") This intention functions as an action plan which provides the 
desired goal and is the determinant of the course of the voluntary movement 
sequence. The action plan can be considered as an abstract description of a 
set of connections between the act and the environment. 
An action consists of a sequence of movements; these movements, how-
ever, do not need to be specified separately in an action plan. An abstract 
description and specification of the goal is probably sufficient. As 
already mentioned in the text (the flexibility problem), the same action 
can be performed by means of many movement combinations. The only constant 
factor is the formulated goal. For example, the goal of an action could be 
to open a door. This can be done by using the hand but also by using the 
elbow, chin, knee or the foot. What we have here is a constant goal and a 
variable way of reaching it (remember the "A"-writing example). Hence the 
construction of a motor act involves different hierarchical levels of 
organization. At the higher levels the general structure of a motor act 
would be defined in abstract terms whose features are only those properties 
of the motor act which remain invariant under different kinds of spatiotem-
poral transformations. At the lower levels of organization more contingent 
parameters of the movement (such as the required muscles, force, velocity) 
would be defined on the basis of specific task demands (Lacquanlti & 
Soechting, 1982). 
The concepts action and action plan are closely related to the 
heterarchical and distributed control notions (Turvey, 1977; Newell,1978; 
Stelmach & Diggles, 1982; Greene,1982). In a heterarchical system the 
direction of control is not unidirectional but at all levels of the system 
there are relatively autonomous structures. In such a system lower struc-
tures may control higher ones. A distributed control system can be viewed 
as a system in which across the various levels the system's function is 
distributed among a number of structures, which may interact to achieve the 
desired output. According to this notion there is no "dictatorial" central 
motor system commanding (with complete,detailed specifications) an increas-
ing amount of lower systems but motor control is a more "democratic" proces 
where lower structures are relatively autonomous and control is very decen-
tralized. In this heterarchical system the central controller Is relieved 
of being overwhelmed by the need to regulate everything through the pres-
ence of relatively independent procedures that continually monitor system 
behavior and take some corrective action when they detect some particular 
pattern of events (Greene,1982). An often quoted experiment on lower-level 
control, performed by Shik & Orlovsky (1976) indicated that there exists a 
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spinal automatism controlling step cycle, and a bralnstem-spinal automatism 
controlling Interllmb coordination. Basic patterns of stepping could be 
generated by the spinal cord without Input from the brain, Indicating an 
automatism located In the spine. At this level, the circuit that organizes 
locomotion Is autonomous. 
The Idea of a heterarchlcal, distributed system, however Is In many 
ways 'similar to the older russlan concept of the functional system. The 
action of a functional system can be characterized by: "The presence of a 
constant (Invariant) task, performed by variable mechanisms bringing the 
proces to a constant result" (Lurla,1973 p.28). A functional system Is 
based on a complex dynamic constellation of connections, situated at dif­
ferent levels of the nervous system. According to this notion, movement 
(e.g., locomotion) is considered as a complex functional system, In which 
the Invariant task Is performed by various means. The control system con­
sists of a group of structures, each of which makes Its own contribution to 
the performance of the movement and supplies Its own factor to the struc­
ture. This control system however Is never static or constant but changes 
structurally during the development of the child and during training. It 
varies according to the environmental circumstances and the need of the 
organism. Especially the Soviet physiologist Bernstein emphasized this 
flexible and distributed control notion. According to Bernstein (quoted by 
Ілігіа,1966) the motor act Is not the function of any one localized group of 
nerve cells situated in the cerebral cortex but is a complex functional 
system whose working is controlled by many factors. Bernstein showed that 
movement is principally determined by what he termed the "motor task", 
which in locomotion and other goal-directed activity, is formed at dif­
ferent levels. It is carried out not only by the cortical apparatus but 
also by subcortical mechanisms. The structural basis of voluntary movement 
is a whole system of afferent and efferent links, situated in different 
parts and at different levels of the central nervous system. Each link of 
this system plays its own differential role (providing the "motor task", 
the spatial schema of the movement, the tone and coordination of muscle 
groups etc.) It is only by the close interaction of the elements of this 
functional system that its essential plasticity and self regulation can be 
assured (Luria,1966 p. 26). 
These theories of Bernstein and Lurla have a close resemblance to the 
above-mentioned heterarchlcal notions which are en vogue at this moment and 
these functional system or heterarchlcal notions possess a clear advantage 
over the (hierarchical) closed-loop, open-loop and schema theories. The 
main advantage lies in the solution that the heterarchlcal theory presents 
for the storage and flexibility problems. As stated above, closed-loop and 
open-loop theories implicitly accepted a one-to-one mapping between pro­
grams and performed movements. Schmidt presented the generalized motor pro­
gram as a possible solution, but when quoting Schmidt's (1976) own defini­
tion of generalized motor program we saw that this program in fact was very 
specific and contained all muscle specific details. Although Schmidt 
(1980a) modified the program notion, one could conclude that the schema 
theory in its original form was a hierarchical quasi open-loop notion. 
In a heterarchlcal theory however the action plan is not a detailed 
list of instructions to lower structures but a very abstract representation 
of the desired action based on a very global analysis of sensory input. The 
highest level control system, termed executive system does not control mus­
cles. Turvey (1977): "but if the executive does not control individual mus­
cles, then wat does it control?" (p.218). Quoting the work of Soviet 
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researchers he proposed that the main responsibility of the executive sys­
tem is the regulation of the interactions between the (relatively auto­
nomous) lower structures. These lower structures are capable of controlling 
patterned movements (e.g. flexion/extension sequences during walking). The 
activity of these structures however must be integrated into a combined 
pattern of goal-directed activity and this is the task of the executive 
system. One could argue that the lower structures control movements whereas 
the executive system controls action. The difference between action and 
movement may perhaps be elucidated by the following example. A hemlparetic 
patient can sometimes perform separate movements but not acts, that is to 
say he/she can perform the separate elements needed for walking but cannot 
integrate them into an overall pattern of coordinated activity (walking). 
One could argue (or speculate) that in this case the lesion disturbed the 
"action system" but not the movement system. The main task of therapy then 
is to rebuild the action plan or program. 
8.6.2 Coordinative structures 
Heterarchical control theory resolved the degree of freedom problem at 
the executive level by introducing the notion of an action plan or abstract 
program. At the level of muscles the problem was resolved by "a systematic 
linking together of muscles in such a manner that the set of individual 
muscles is reduced to a smaller set of muscle collectives" (Kugler, Kelso & 
Turvey, 1980, ρ 17). Such a muscle linkage was termed a coordinative struc­
ture, which was defined as a group of muscles spanning a number of joints 
and constrained to act as a single functional unit. The large amount of 
separate muscles involved in movements can be reduced to a much smaller set 
of functional combinations or coalitions. Consider the act of walking: 
ankle dorsiflexion/plantar flexion; knee flexion/extension; hip and knee 
stability etc. Although subjects are able to perform these movements 
independently, in the act of walking they are linked together as a coordi­
native structure. 
A coordinative structure in many ways resembles a reflex; that is to 
say, it can be described as a biomechanically linked combination of mus­
cles. There is a hierarchy of reflexes, ranging from very simple to very 
complex reflex combinations. The same is true for the coordinative struc­
tures, which also range from very simple (alpha-gamma linkages) to very 
complex (walking). The difference between the two entities, however is 
that coordinative structures are "broader", they can comprise reflexes. A 
simple reflex can be a part of a greater coordinative structure. One could 
argue that, in a certain way, a coordinative structure is not only a func­
tional combination of muscles but also a functional combination of 
reflexes. 
8.6.3 Tuning 
Above we have indicated the decentralized character of the motor con­
trol system; that is, a high-level control system regulates the interac­
tions between lower structures, which are relatively autonomous. These 
lower structures are for a part spinal centers and the spinal cord is con­
sidered as a functional entity, as an active system. Higher control struc­
tures exert control over lower structures by altering the parameters of 
these structures. According to Gallistel (1980) a parameter is something 
that determine the kind of output a system will give without actually gen­
erating an output itself. He gives the example of a piano or a guitar. 
Turning the tuning pegs to tighten the strings does not produce music, but 
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it profoundly affects the music that is produced. The tightness of each 
string is a parameter of a piano or a guitar. Signals that adjust these 
parameters are called parameter adjusting or tuning inputs (p. 364). 
Now let us turn back to the heterarchlcal theory, in which the concept 
of tuning plays an essential role. Largely on the basis of russian research 
It was concluded that higher (supraspinal) systems do not in a straight 
command line send instructions direct to the lower (spinal) centers, but 
that they first prepare or tune these centers. Turvey (1977) stated: "the 
control of movements Is in many respects the reorganization or tuning of 
the system of segmental interactions and this attunement precedes the 
transmission of activating instructions to coordinative structures" 
(p.233). Once the tuning adjustments have been established, the lower 
centers can execute the movement autonomously. 
8.7. Back to the main tbeae: tbe relation between sensory feedback tberapy 
and Bodern (theoretical) views on aotor control and learning. 
Now we will return to our basic question concerning the relationship 
between sensory feedback therapy and modern knowledge of motor control. We 
described four Important theoretical notions on motor control: closed-loop 
theory; open-loop theory; schema-theory and the recent notions on 
heterarchlcal control. Now what can we conclude? 
First, although there are important differences between the closed-
loop and open-loop theories and at their extremes the peripheralist and 
centralist notions are Incompatible, at present there appears to be a grow-
ing tendency to overcome these (apparent) differences. There is a growing 
evidence that feedback and program notions are not each other's theoretical 
opponents but each other's allies in explaining motor control. Subjects are 
probably flexible in the selection of the control process and as Schmidt 
(1980b) suggested, the selection of a feedback- or program-based control 
depends on the characteristics of the task, the attentlonal requirements of 
the situation, the accuracy requirements of the task and of the level of 
training. The reader is also referred to Reed (1982) for a criticism of the 
traditional absolute differences between peripheral and central control of 
movement. 
Second, there was a shift from specific detailed motor programs to 
abstract motor programs or action plans, a shift from hierarchical to 
heterarchlcal control models. 
Third, the theoretical systems we described can be viewed primarily as 
views on motor control and not as notions regarding motor learning. This 
Is an important distinction because if we focus on the aspect of motor 
acquisition instead of motor control, many theoretical differences disap-
pear. Let us explain this third point. 
One of the fundamental issues of discussion during the last decades 
concerned the role of feedback in motor control. However, if we focus on 
the role of feedback in motor learning, the differences are no longer 
relevant. Even the most rigid program theorist would agree that a motor 
program must first be acquired before it can control motor behavior and 
that during this acquisition feedback plays an essential role. For closed-
loop theorists this is of course no matter of dispute; also the "heterarch-
icalists" stressed the role of afferent feedback. We have mentioned the 
fundamental role that peripheral feedback played in the russian (heterarch-
lcal) theories but also Turvey,Shaw & Mace (1978) argued: "the motor 
apparatus cannot be regulated solely by efferent impulses arising in the 
cells of the motor strip. The contemporary perspective on coordinated 
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activity contrasts with the nineteenth century perspective in recognizing 
that the continuous afferent flow of exteroceptive and proprioceptive 
information is the background against which acts are constructed." (p.52). 
Roy & Marteniuk (1974) are clear when they stated that "the availabil-
ity of information about performance is essential for the learning of a 
motor response" (p.985). Keele (1981) argued that the program notion in no 
way implies that feedback is not a highly critical component of skilled 
behavior. Feedback is essential for ordering program changes, for monitor-
ing errors and enhancing corrections. Summers (1981) stated that feedback 
is essential for the acquisition of a motor program. 
Hence, peripheralists, centralists, schema-theorists and "heterarchi-
calists" all agree on the essential role of feedback during motor (skill) 
acquisition. In the introduction we have argued that neuromuscular reha-
bilitation can be viewed as motor learning. The patient has to relearn 
voluntary control over the impaired muscles, he/she has to develop a pro-
gram or plan for these actions and for this feedback is necessary. 
8.7.1 Normal versus artificial feedback 
The use of feedback during neuromuscular reeducation is of course 
nothing new. As early as 1907 Meige & Feindel (quoted by Inglis, Campbell 
& Donald, 1976), in treating spasmodic torticollis, used feedback devices. 
They wrote:"the repetition of the prescribed exercises should take place in 
front of a looking glass, whereby the patient may be exactly informed of 
any mistakes in gesture or attitude. He cannot otherwise judge himself to 
the degree of immobility attained and may deceive himself, although he has 
the best intentions in the world, as to the real state of affairs. He does 
not know whether he is holding himself straight or not, as a general rule 
but a glance in the mirror will correct his fault" (p. 305). 
The conventional, "normal" use of feedback has four important charac-
teristics: qualitativlty, subjectivity, superficiality and slowness. 
-Qualitativity refers to the fact that in general feedback is con-
ceived in terms of motivation or reinforcement instead of in terms of 
information. Qualitative feedback is "OK, that's fine, you have to do it 
once again that way". 
-Subjectivity refers to the fact that the feedback is dependent on the 
alertness of the therapist. Many important aspects will not be noticed by 
the therapist, therefore the feedback process is not very stable. 
-Superficiality refers to the fact that a therapist/trainer can only 
give information about what he/she sees; that is to say, only feedback 
about overt behavior is possible. No information can be delivered about 
processes on the micro level (motor unit activity). 
-Slowness refers to the fact that in general feedback will be 
delivered after the response took place and in this respect the "normal" 
feedback is a form of delayed knowledge of results. 
Artificial sensory feedback on the other hand can be characterized by: 
quantitativity, objectivity, accuracy and immediacy. 
-Quantitativity refers to the fact that the information is delivered 
in a quantitative way. Classic experiments on motor learning already 
revealed the superiority of quantitative feedback in motor learning 
(Trowbridge & Cason, 1932). 
-Objectivity refers to the fact that the information is independent 
of the alertness of the therapist and the information deliverance therefore 
is much more consistent. 
101 
-Accuracy refers to the fact that not only information is presented 
about overt behavior but also about behavior at the micro level (motor unit 
activity). 
-Immediacy refers to the fact that information is presented during 
the performance; hence, continuous feedback is available. Booker, Rubo« & 
Coleman (1969) and also Herman (1973) argued that the availability of con-
tinuous information during performance is essential for neuromuscular 
reeducation (but see Chapter 4). 
8.7.2 Sensory feedback therapy 
During neuromuscular rehabilitation the patient has to develop a motor 
program or action plan. Intrinsic and extrinsic feedback are essential for 
program acquisition. Without feedback it will be very difficult to relearn 
motor control. However, many neurological disorders are (partly) character-
ized by the loss of sensory feedback systems; feedback loops are distorted 
or lost and the subject receives no or inadequate sensory information about 
his or her performance. Let us for example, think of a patient with a 
(flaccid) paralysis. During therapy this patient must regain voluntary con-
trol; in other words he/she has to rebuild a motor program or to develop a 
compensatory program, that is to "reorganize" the motor system. Feedback is 
an essential element in this process, but, and this is very important, how 
can this patient acquire a program when adequate sources of information are 
not available? Attempts to move the (paralyzed) limb will not result in 
movement, KR therefore is absent. The intrinsic proprioceptive information 
is also minimal. Hence, all the attempts appear meaningless. The patient 
and the therapist do not know whether the adopted strategy is useful or 
useless and the therapy process will be a prolonged and laborious one. 
In this patient no movement can be seen or recorded by mechanical 
means. However, (weak) electrical activity in the muscles is often present; 
that is, there are "oases" of intact motor units and by means of direct 
continuous feedback it is possible to teach the patient to increase this 
activity and to rebuild voluntary control. 
Now let us turn to the therapy and see what happens. During the ini-
tial stage of the therapy the patient has to develop a model of the desired 
action/movements. His or her early efforts in the first stage are predom-
inantly dependent on peripheral feedback. As learning progresses, however, 
peripheral feedback is no longer indespensable and control structures 
within the central nervous system can take over. During learning an inter-
nal, flexible and abstract model or plan of the required action must be 
developed. At the beginning of the learning process the individual needs an 
external model to guide his/her movements. When no other sources of infor-
mation are available or are distorted, as is often the case in neuromuscu-
lar rehabilitation, the EMG activity (or other artificial sensory informa-
tion), displayed on monitor serves as such an external model and informs 
the patient and therapist about the consequences of the attempts. Keele 
(cit. by Summers, 1981) argued that artificial feedback can be used for the 
learning phase to build up an appropriate program. The visual display of 
the electromyographic activity can serve as such an artificial source. 
8.8 Concluding remarks 
In the present text we tried to describe a theoretical background for 
the use of artificial feedback in neuromuscular rehabilitation. We espe-
cially emphasized the crucial role of feedback in the learning of motor 
control. However, the actual therapeutical use of EMG feedback can in 
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general be criticized on the same grounds as traditional motor theory. That 
Is, EMG feedback can be characterized as a procedure where the patient has 
to contract or relax one isolated шиасіе or Muscle group. The muscle or 
muscle group Is trained without any meaningful context, the patient only 
has to repeat his/her attempts over and over and to Increase the EMG out­
put. One could argue that just as with traditional motor theory the pri­
mary focus Is on movements and not actions. However, we emphasize the 
Importance of exercising a meaningful, goal-directed action Instead of a 
movement. HUbner, Wehner & Stadler (1982) used a procedure, which they 
called auto-hetero feedback. During walking, the electromyographic 
activity of a muscle group (dorslflexors of the foot) was fed back to the 
patient In simplified form (klick frequency) to one channel of the head­
phone. Simultaneously the electromyographic activity of the "same" muscle 
group of the walking therapist was fed back to the patient to the other 
channel of the headphone. The patient had to match these signals during 
goal-directed action (walking). In this way it was possible to train a 
total pattern of activity and to emphasize the timing and anticipatory 
aspects of the task. Therefore, instead of "classical" strength training 
with help of EMG feedback we suggest a creative use of artificial sensory 
feedback. This feedback has to be incorporated in action learning instead 
of movement learning. Bernstein (1967) has already argued that training 
involves repetition without repetition, that is. It involves repeated 
attempts to solve a problem without repeating the same movement over and 
over. Since each movement is part of the structure of an action. It must 
also during therapy/training necessarily be subordinated to this structure. 
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CHAPTER 9 
FROM MOVEMENT TO ACTION: PERSPECTIVES FOR FUTURE RESEARCH 
Theo Mulder 
In this final Chapter some remarks are made concerning the 
unsatisfying transfer of treatment effects to the activities of 
dally living. It is argued that the majority of the clinical 
applications of EMG feedback (but also physical therapy in gen-
eral) can be characterized as procedures focussed on Isolated 
muscles and/or movements. However, (motor) learning is not the 
simple chaining of isolated segments into a chain of motor 
behavior but is more abstract, more action directed. It is argued 
that this important discrepancy between the training procedures 
used by the therapist and the learning strategies used by the 
patient could be responsible for the unsatisfying generalization 
value of physical therapeutical treatment procedures. The oppo-
sition between movement and action is discussed as well as the 
implications of this for therapy and research. 
9.1 Introduction 
After our experimental and clinical survey, we finally return in this 
Chapter to the main question of the book viz., is artificial sensory feed-
back (e.g., EMG feedback) a useful therapeutic "tool" for re-learning motor 
control? Is it an aid which can be applied by occupational and/or physical 
therapists? In spite of our survey, this question cannot be answered with a 
simple yes or no, a more ballanced judgement is needed. 
In the 1970s many reports appeared in the amerlean rehabilitation 
literature in which the successes of EMG feedback were described. The 
method was considered as a new therapy and it was suggested that EMG feed-
back in many instances was a superior modality compared to traditional phy-
sical or occupational therapy. Soon the procedure was accepted as a valu-
able instrument in the field of physical therapy. Brudny, Korein, Gryn-
baum, Beiandres & Gianutsos (1979) argued that EMG feedback could be of 
importance to 70% of the hemlparetlc population. This optimistic perspec-
tive was also reflected in the following statement by Swenson (1978): "Thus 
as the 1950s and 1960s were the years to explore the use of neuromuscular 
facilitation exercise therapy for hemiplegia,it looks as though the 19708 
and 1980s will be the years to explore the use of biofeedback exercise 
therapy". 
Artificial sensory feedback (often characterized by the employement of 
electronic equipment) enabled the therapist to provide the patient with 
information which is specific, immediate and coherent with the internal 
cues the patient may be perceiving (Gone11a, Kalish & Hale, 1976). It 
enabled him/her to inform a patient about the electrical activity of mus-
cles under training, even before it came to actual movement. This possi-
bility seemed to be particularly useful for the training of atrophied mus-
cles (the therapeutical attention here is directed on the Increase of the 
EMG output), for teaching a patient to relax his/her spastic muscles (the 
therapeutical attention here is focussed on the decrease of EMG output) and 
for improving the coordination between muscles. 
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Brudny (Brudny et al, 1979) argued that the Information derived from 
the displayed EMG signal during active movements represented a substitute 
for the disrupted proprioceptive transmission and processing and could 
mediate recovery (for counter arguments see Chapter 4). Also Herman (1973) 
argued that selective sensory Input (EMG feedback) may be a means of pro-
ducing Improved motor control. In short, one could argue that the logic 
behind the use of EMG feedback was quite simple: In cases where normal 
(proprioceptive, visual, tactile etc) sources of Information were Inade-
quate or absent, the function of these sources could be replaced or supple-
mented by an external feedback loop (an augmented source of knowledge of 
results). 
Now, let us consider the material presented In this book and see If we 
are able to confirm this hypothesis. Recall that In Chapter 2 It was 
already concluded that the clinical results, obtained by means of artifi-
cial sensory feedback procedures were rather conflicting. Concerning the 
transfer of EMG feedback treatment effects to the activities of dally liv-
ing there seemed to be no significant difference compared to the results 
obtained by means of the conventional therapeutical procedures. The experi-
mental and clinical studies presented In this book also revealed no unani-
mous results. Although the two studies performed with normal subjects Indi-
cated that artificial sensory feedback procedures (EMG feedback and force 
feedback) lead to better learning than the normal sources of feedback, this 
finding could not be replicated in the clinic. It was clear that we were 
not able to replicate the very positive results as reported by Basmajian, 
Kukulka, Narayan & Takebe (1975) and other authors although we followed 
their procedure very closely. 
Does this mean that we have to conclude that artificial sensory feed-
back procedures are not useful for the restoration of motor control and 
have to be discarded in favour of the traditional therapeutic procedures? 
No, the advantages of the procedure as described in Chapter 8 are still 
valid and the emphasis on the availability of sensory information for motor 
learning seems justified. 
But if the method has important advantages and if the logic behind the 
clinical use is valid then how can we explain the clinical failures? To 
answer this question we have to turn our attention to the way feedback pro-
cedures are generally appplied in the clinic. There are many aspects in the 
application of EMG feedback which deserve a further discussion. This dis-
cussion which started, in fact, in a modest form in the previous Chapter 
has not only important implications for EMG feedback but also for physical 
therapy in general. Remember that in Chapter 8 a section was devoted to 
the opposition between movement and action. In this final Chapter we will 
discuss this opposition and its implications for therapy and research in 
greater detail. 
Criticism of the clinical application of EMG feedback concentrates on 
the following two points: 1) the orientation of EMG feedback treatment on 
isolated movements instead of actions and 2) the orientation of EMG feed-
back on the motor system instead of on the sensori-motor apparatus. 
9.2 The orientation on isolated moveaents 
As already indicated in Chapters 6, 7 and 8, the majority of the clin-
ical applications of EMG feedback can be characterized as procedures 
focussed on isolated muscles or muscle-groups. Electrodes are attached over 
a single muscle (or muscle-group) and the subject is required to Increase 
or decrease the electrical activity of that particular muscle(group). As 
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the results of numerous studies have shown. subjects are able to master 
this task quite easily. They are able to increase the EMG output of the 
target-muscles using the displayed EMG signal as an important measure for 
success or failure. The subjects learn to manipulate the EMG signals, first 
by trial-and-error but later on under voluntary control. More than once it 
could be observed that the patient's attention was fully fixated on this 
EMG trace. He/she worked hard to manipulate the trace, often not in the 
least 'concerned about the movement. Indeed, the increasing or decreasing 
trace represented the final goal of exercise. Not seldom relatively few 
sessions sufficed for mastering this "skill". Gonella, Kalish & Hale 
(1978) criticized such an approach and indicated that it resembled In many 
aspects the therapeutic approach applied before the 1940s. In those years 
the emphasis (also) was on contractions of isolated muscles or muscle 
groups. Gonelia's remarks should therefore be viewed as a serious criticism 
of the ordinary use of EMG feedback until now (See also Chapter 6). 
Also from our own clinical work it was clear that patients many times 
were able to control (increase) the EMG output of a muscle or to perform an 
isolated movement In a therapeutical situation but, and this is important, 
they were seldom able to transfer this capacity to a functional activity 
such as walking. For example, although following the treatment, subjects 
were often able to dorsiflex their foot while sitting on a chair, they were 
not able to incorporate the improved dorsiflexion function into their walk-
ing pattern, that is to say, they failed to transfer the trained movement 
into an action which included the activity of the very same muscle. 
9.3 The orientation on the aotor system 
Another point which has to be mentioned concerns the purely "motoric" 
orientation of EMG feedback. The method is directed at manipulating 
(decreasing or increasing) the output of the motor system. However, each 
movement involves the activity of several muscles; therefore what the brain 
should compute is not a single comnand to one isolated muscle (under train-
ing) but ratio's of efference among several muscles have to be set. Thus, 
according to Reed (1982) the characteristics of efferent signals to a given 
muscle are not univocal commands, unless the system knows the total output 
and its context. Perception becomes here of crucial importance, since the 
efferent signals to the effector organs have to be precisely coordinated 
with the perceptual input. In this context the simple contrast between the 
sensory and the motor system seems incorrect. Trevarthen (1968) emphasized 
a strong connection between (visual) perception and the planning and per-
formance of movements. Information about changes in position in the visual 
field must be continuously integrated with information about body posture 
and muscle tone. 
Since visual perception plays an important role in learning new 
activities (Conolly, 1970), it is not surprising that visual perception 
disorders Interfere with progress in (physical) therapy after stroke. Van 
Ravensberg, Tyldesley, Rozendal & Whiting (1984) discovered visual percep-
tion disorders in a relatively high proportion of the hémiplégie patients 
they studied (25 out of the 46 patients suffered from visual disorders). 
Hence although perceptual information plays a crucial role in the control 
of movements these aspects are until now largely neglected in the tradi-
tional employement of EMG feedback. 
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9.4 Action 
As already Indicated, the majority of the applications of EMG feedback 
can be viewed as muscle- or movement directed procedures. Such an approach 
contains, however, an Implicit notion on motor control. It Implies namely 
that muscles (or isolated movements) are the building blocks of motor 
behavior. During therapy the main emphasis is on these building blocks and 
it is supposed that by changing these building blocks (the isolated move-
ments), the quality of the motor behavior will change also. Ofcourse, after 
completion of the therapy these building blocks have to be incorporated 
into larger frames (movements or patterns of movements), but this is seen 
as a relatively automatic process. One could argue that many (physical) 
therapists still implicitly embrace the older behavioristic (peripheralis-
tlc) ideas on skill learning. According to these ideas the acquisition of a 
motor skill is viewed as the linking up of individual movements (or seg-
ments) into a chain of motor behavior. However, there exists a great deal 
of evidence that this view can not be correct. Learning is not the chaining 
of specific segments but appears to be more abstract, it is not the simple 
addition of segments but a structural rearrangement of these segments. In 
the 1930s this has already been indicated in Tolman's laboratory. For exam-
ple, MacFarlane (1930) showed that rats had a high positive transfer to 
swimming through a maze after learning it by running and vice versa. This 
is a classical example of the fact that not specific muscle-movement combi-
nations (separate movements) are learned but something more abstract. (For 
more evidence that, even at the animal level, the chaining hypothesis can-
not be true, the reader is referred to Adams, 1984). Hen~e, learning 
appears to be more abstract, more muscle or movement Independent. We do 
not learn specific patterns of muscle contractions or isolated flexion-
extension movements but we learn goal-directed sequences of movements. For 
example it is impossible to cut the learning of bicycle riding into Its 
basic components which have to be mastered successively. Beside the fact 
that we probably do not know what these basic components are, it would be 
impossible for the learner to control all these separate components. In 
fact we do not learn successively all these separate fragments of bicycle 
riding but we learn the whole act. We do not learn an extension plus a 
flexion movement of the arm, combined with extension and flexion of the 
fingers, but we learn to grasp something. Concerning physical therapy one 
could argue that a patient does not learn to maintain his/her equilibrium 
plus the extension and flexion of his/her leg plus extension and flexion of 
the hip plus dorsiflexlon of the foot, but he/she learns to walk (or that 
is what he/she should learn). 
But If we do not learn (isolated) movements, than what do we learn? 
The answer is that we learn actions. During learning we develop knowledge 
about actions, not about individual movements. Therefore physical therapy, 
sports-training or EMG feedback therapy should be directed on the learning 
of actions instead of on the learning of movements. This does not Impli-
cate that always from the very first beginning the learner should be 
required to perform the whole act, sometimes this is impossible (music edu-
cation, a paralyzed patient), but also in these cases the movements under 
training must be subordinated to the structure of the future action. 
Now let us consider the concept of action more closely. What Is meant 
by the term action? Although there is an increasing interest in action 
research (see Magill, 1983), the term action has not been clearly defined. 
There are, however, several closely related aspects which can characterize 
an action. First, its Intentionality, second its goal-directedness, third 
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Its flexibility and last but not least its relation with the environment. 
Intentionallty refers to the fact that the action starts with the (cons-
cious) intention to reach a certain goal. Goal-directedness refers to the 
fact that actions are performed to reach that goal. Often the goal is con-
stant whereas the means to reach the goal are flexible. For example, nor-
mally we open a door with our hands, but if we are carrying a dinner tray 
with glasses we open the door with our leg, foot or shoulder. Flexibility 
refers to the fact that an action consists of several (or many) different 
movements, tied together as a functional unit. The activity-pattern of 
these movements however is not fixed. Consider for example the action of 
pouring milk in your coffee. The action can be performed by means of an 
inward rotation (pronation) of the wrist (using the m. pronator teres) or 
by means of an outward rotation (supination) of the wrist (using the m. 
biceps brachi!), depending on the position of my arm relatively to the cup. 
Environment-related refers to the simple fact that an action never takes 
place in a vacuum (maybe with an exception of the actions performed in the 
laboratory). There exists always an environment which triggers or con-
strains the action. According to Reed (1982) it is a reasonable assumption 
to assume that for all organisms with integrated nervous systems, any of 
their actions are likely to be more directly a function of the objects and 
circumstances in their environment than of the proximal stimulation under-
lying the behavior. Hence, actions are always organized as to yield 
environmental effects. Hence, we now are able to define an action as a 
flexible sequence of aovemente under Intentional control, tied together to 
work as a functional unit and directed to the reaching of a goal. 
9.5 Routines 
On a higher level of learning actions can be combined to what I would 
like to term routines. A routine can be understood as a complex of actions 
which functions as a (relatively) closed behavioral unit. For example the 
"morning routine" of showering, brushing your teeth, combing your hair, 
dressing etc. consists of several individual (more or less complex) actions 
forming together a unit of behavior. Another example of a routine is driv-
ing a car. Also this routine consists of many actions tied together as a 
result of a prolonged learning process. A routine can also be described as 
a habitual series of actions, leading to an end. These notions however are 
far from new but resemble in many aspects Miller, Galanter & Pribram's 
(1960) TOTE units or Norman's (1980) ideas concerning parent and child 
schémas. 
9.6 Physical therapy as the acquisition of actions (and routines) 
Physical therapy or other forms of motor learning require the (re-
)acquisition of goal-directed actions. Although during the first stages of 
learning often much effort and attention must be devoted to the separate 
movements, the therapy or training should be structured in such a manner 
that eventually longer sequences of movements can be carried out requiring 
less and less (conscious) attention. According to Arbib (1981) the feed-
back provided to the subject In these first stages should be directed on 
the overall structure of the task instead of on specific details. He argued 
that feedback provided to a learner may be of little use when the overall 
structure of the action plan (Turvey, 1977) has yet to be learned, no 
matter how appropriate it may be for fine tuning specific motor segments. 
Hence, what is needed is a therapy aimed at the transition from the control 
and performance of separate movements to the control and performance of 
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actions. One could also say that during therapy there should be a develop-
ment from a closed-loop motor control, depending on feedback to a more 
open-loop control process. This does not mean that feedback Is no longer 
Important but that the processing of the (peripheral) Information becomes 
faster and the slow. Jerky effortful movement changes Into a fast smooth 
performance. Hence, motor automatisms have to be developed which make It 
possible that the same muscles may be active In many different movements or 
that the same movements may be a part of several actions. 
It was already argued that actions are characterized by the existence 
of a relatively Invariant goal which can be reached using several routes. 
The action concept as defined In this Chapter Is for a large part Identical 
to the term function as used by Lurla (1973, 1975). A function can be 
understood as a complex adaptive activity aimed at the performance of some 
task by (complex) and variative methods. Let us consider the following 
example described by Lurla (1975): "The function of respiration Is to sup-
ply air to the alveoli of the lungs. However, the fulfillment of this task 
requires expansion of the chest, and this act in turn requires the partici-
pation of a system of muscles, particularly the muscles of the diaphragm. 
However, if the muscles of the diaphragm are paralyzed, the person does not 
die from asphyxia: the intercostal muscles are brought into action, and to 
a large extent they take over the function of the muscles of the diaphragm. 
If for some reason the intercostal muscles are also out of action, the per-
son can swallow air and utilize the apparatus of the pharynx und the lar-
ynx, not previously concerned with the act of respiration" (p. 340). 
According to Lurla every action is characterized by such a flexibility. The 
important aim of motor learning and therapy should be the development of 
such (flexible) action systems. 
Because control on the level of actions (and surely on the level of 
routines) occurs only after substantial overlearning it is very Important 
that the therapy is linked to the activities of daily living. Indeed the 
best learned skills are those which we continuously use in the activities 
of everyday life, therefore therapy should be continued outside the exer-
cise room otherwise the physical therapist will have a hard time competing 
with the learning (not always In the right direction) that inevitable takes 
place outside the physical therapy building. The involvement of family 
menbers in the therapy planning and the therapy goals is therefore neces-
sary. 
9.7 The units of control and Intervention 
Thus far several levels (or units) of control have been mentioned 
viz., muscles - movements - actions - routines. However, these units not 
only refer to the units of control but also to the possible levels of 
intervention, that is, to the levels on which the therapist can "tackle" 
the problem. In the present section I will dwell on the implications for 
physical therapy (and EMG feedback). 
In Figure 9.1 these units are represented in graphical form. The two 
lowest levels are formed by the muscles and the movements. It is clearly 
shown that different muscles can be involved in the same movement and that 
the same muscle can be part of different movements. At a higher level we 
have actions consisting of several (or many) movements. These movements are 
linked together as a result of learning and work as a flexible unit. At the 
highest level we see routines. A routine consists of several actions which 
function as a relatively closed behavioral unit. The Figure shows a 
ceasura (represented by the horizontal dotted line) between the level of 
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ROUTINES 
ACTIONS 
MOVEMENTS 
MUSCLES 
LEVELS OF CONTROL AND INTERVENTION 
Figure 9.1 shows four units of control: muscles, movements, ac-
tions and routines. These units represent also the levels on 
which a therapist or Investigator can tackle the motor problem. 
The dotted line represents a level which is almost never exceeded 
by researchers and therapists, since their main emphasis is on 
the level of muscles and/or movements. 
movements and the level of actions. There is ofcourse no real separation 
between these two levels, but, the caesura has been drawn to indicate the 
level which is not exceeded by the majority of the experiments on motor 
learning and by the majority of the (physical) therapeutical interventions. 
Let me explain this. In most motor learning experiments and also in the 
majority of the physical therapeutical interventions the emphasis is on the 
level of individual movements or muscles. The (experimental) subject has to 
perform a simple task (e.g., a positioning task) in a rather artificial 
environment. The performance is totally dictated by the characteristics of 
the experimental situation. In physical therapy (and as we have seen par-
ticularly in EMG feedback) the situation is very much the same, the 
emphasis is also on the level of muscles and movements. The therapeutical 
attention is aimed at the distorted element instead of on the distorted 
action. The therapist instructs the patient to increase (or decrease) 
force, to extend the arm or the leg, to maintain equilibrium etc. Looking 
at Figure 9.1 one could argue that in the laboratory as well as in the 
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clinic In general the dotted line Is not exceeded. In both situations the 
performance of the subject takes place in a constrained and artificial 
environment. In both situations the experimenter or the therapist are 
decomposing the human motor behavior Into segments which can be manipu-
lated. Such an (experimental and clinical) approach represents In fact the 
Implicit conviction that the whole Is the sum of Its parts and that suffi-
cient knowledge (or training) of the single bricks will be enough to 
comprehend (or rebuild) the building constructed of them. However, the 
meaning of an action can never be explained by a narrow concentration upon 
the movement performed In Isolation. The meaning is always given by the 
context of the action (Best, 1978). Although In other fields of experimen-
tal psychology such as psychollngulstlcs, perception (Nelsser, 1976) and 
artificial Intelligence (Shank & Abelson, 1977) this has been recognized, 
in the field of motor learning this recognition took place only with great 
hesitation. As already argued the bulk of motor experiments and therapeuti-
cal Interventions never exceed the dotted line In Figure 9.1. The emphasis 
Is reduced to the domain of muscles and movements, to the bricks Instead of 
on the building. Now, recall that It was argued that no separate movements 
(muscle specific combinations) are learned but something more flexible (an 
action), something more abstract (a rule), which enables us to behave In a 
continuously changing environment. From this standpoint it is not surpris-
ing that the transfer from laboratory and clinic to the activities of 
everyday life often is far from satisfying. The conditions for this are 
simply lacking. 
9.8 Is (physical) therapy and EMG feedback always action learning? 
Before starting the final section on the perspectives for future 
research we will dwell a little on this question. Thus far in this Chapter 
it was suggested that all therapeutical interventions should be aimed at 
the acquisition of actions and that the application of EMG feedback 
independent of this action context would be useless. However, there are 
ofcourse situations in which the learning is not totally directed on the 
acquisition of a goal-directed action. Take for example, the case of a tor-
ticollis patient, suffering from a severe disequilibrium between the tones 
of the left and right m. sternocleidomastoideus. An Increased control at 
the muscle level probably would improve the patient's condition. One could 
hardly argue that the learning of such muscle control is action learning. 
Therefore, with these types of disorders, an intervention at the level of 
Isolated muscles would make sense. 
However, also in these cases the patient's goal should not be defined 
totally in terms of the increasing (or decreasing) EMG trace but in terms 
of the required goal (e.g., the neutral position of the head in the case of 
torticollis). Hence, also In these cases the ttansfer from the laboratory 
(or clinic) to the activities of daily living should be the central pur-
pose. 
9.9 Perspectives for future research and therapy 
In the light of the present discussion concerning the difference 
between movements and actions, the very interesting studies performed by 
Leontjew & Zaporozhets in the 1940s have to be mentioned (Leontjew & 
Zaporozhets, 1960). The authors studied movements (and actions) performed 
by patients with restricted movement of the shoulder or elbow joints from 
myogenic contractures and affections of the joints themselves. The studied 
movements were identical concerning their external geometrical pattern and 
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their anatomical components, but differed concerning their psychological 
character. For example in a certain study each subject (n-10) was given In 
turn the following Instructions: 1) "Close your eyes: raise your arm as 
high as you can higher still" 2) "The same but with your eyes open" 
3) "Raise your arm to the number" (Experimenter calls out a number written 
on the wall. 4) "Take this " (Experimenter shows an object). 
The results revealed that the movements which were identical in their 
anatomical components but had to be performed under different conditions, 
differed substantially in their range of motion (ROM). There was a particu-
larly noticeable Increase In the ROM during comparison of the tasks "raise 
the arm as high as possible" and "take the object". The Increase was on the 
average 15 degrees. Leontjew & Zaporozhets (1960) argue that the "quality" 
of the movement not only is determined by the external biomechanical 
characteristics but also by the nature of the task. This finding can be 
"translated" in the following way to the present discussion: The "quality" 
or functional capacity of a movement depends not only on the objective phy-
siological characteristics but also on the action in which the movement is 
included. The results obtained by performing an isolated movement were 
inferior compared to the results obtained by performing the same movement 
nested in a goal-directed action. The authors reported further that in the 
majority of the subjects performing the task under the first instruction 
(movement directed), the movement took place relatively slowly, sluggishly 
and jerky, whereas under the fourth (action directed) instruction, the per-
formance was much more energetic and coordinated. 
This suggests that to improve the generalization value of physical 
therapy (and EMG feedback) one should train the patient in a situation 
which is directed on the acquisition of a goal-directed action Instead of 
on the control of a single movement. The treatment should be variable and 
directed on solving a motoric problem instead of on repeating the (correct) 
movement over and over. Consider another simple example: instead of 
exercising extension and flexion movements of the leg with a patient sit-
ting on a treatment table, one could use a rolling ball which has to be 
kicked away by the patient. Contrary to the "normal" exercises, performed 
sitting or lying on the table such a "kicking task" makes an appeal not 
only to the motor system but also to the perceptual and timing aspects of 
the movement process. It is not difficult to develop therapeutical tasks 
which are not constrained to the domain of movements and muscles but this 
requires a new look at the process of (re-)learning motor control. 
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SUMMARY 
Since the late 1960s there has been an Increasing Interest In the 
application of artificial sensory feedback methods to the field of rehabil-
itation medicine. Artificial sensory feedback can be defined as a pro-
cedure by means of which a patient Is provided with Information from a phy-
siological process, normally beyond his/her conscious awareness. In one of 
the most representative examples. I.e., EMG feedback, the basic procedure 
Involves the placement of electrodes on the affected muscles. In order to 
transmit any Impulses to an EMG amplifier. In this way changes In the 
electrical activity of the muscle can be recorded and displayed on a moni-
tor viewed by the subject. The subject Is required to use this (specific) 
information when attempting to increase muscle control. Many articles have 
appeared during the last two decades describing the superiority of the 
method as compared to conventional physical therapy. In spite of these 
enthouslastlc claims, until now relatively few studies have appeared in 
which the clinical value of EMG feedback is critically investigated. 
The aim of this study is to present a critical review of the applica-
tions of artificial sensory feedback to the field of neuromuscular rehabil-
itation. A further goal is to link these applications to the motor theories 
which originate from the laboratory. 
The structure of the book Is as follows: Following a prologue (Chapter 
1) in which the aim of the study is further elaborated, Chapter 2 presents 
a critical review of the employment of artificial sensory feedback methods 
in rehabilitation medicine. It is concluded that one of the main problems 
concerns the transfer of the treatment effects to the activities of every-
day life. The reviewed studies failed to provide unambiguous evidence for 
the superiority of artificial sensory feedback methods as compared to con-
ventional procedures. This review should be viewed as a prelude to the 
Chapters 3, 4 and 5, which constitute the experimental part of the book. 
In Chapter 3 the role of artificial sensory feedback in learning a novel 
motor task is examined. Artificial sensory feedback (EMG feedback, force 
feedback) is compared with "natural" sources of feedback. The results show 
the superiority of artificial sensory feedback in learning the motor task. 
In Chapter 4 the nature of the effect of artificial sensory feedback Is 
studied. Generally, the therapeutical effect of EMG feedback Is viewed in 
terms of the immediate contiguity between response and information. The 
results of the present study suggest, however, that not the immediacy of 
feedback is the main factor but the specificity of the information. 
In Chapter 5 the effect of fatigue and repetition of the task on the 
surface electromyographic signal Is examined. The results indicate that 
repetition of the task produces a significant increase of the ratio between 
the EMG and force output of a muscle. Fatigue, on the other hand, results 
in a significant decrease of the ratio. Indicating a decrease of muscle 
efficiency. The implications of these results for the therapeutic use of 
the EMG signal are discussed. This Chapter warns the user of EMG feedback 
against the uncritical application of the EMG signal and against serious 
pitfalls. 
Chapters 6 and 7 constitute the clinical part of the study. In Chapter 6 
a group study with 12 hemiparetic patients is reported. In Chapter 7 five 
n-1 studies are presented. No unambiguous evidence for the superiority of 
EMG feedback is obtained. In these Chapters the results of the experimental 
studies as reported in Chapters 3 and 4 could not be replicated in the 
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clinic. 
In the final two Chapters (Chapters 8 and 9) the applied field of neu-
romuscular rehabilitation Is linked to the raost influential contemporary 
theories of motor learning and control. In Chapter 8 a review of these 
theories is presented. In Chapter 9 the disappointing clinical results are 
discussed. The main topic of this Chapter concerns the conflict between the 
learning of goal-directed actions versus the learning of movements. EMG 
feedback (and also physical therapy) is criticized for being movement 
oriented instead of action oriented. The perspective of the action 
viewpoint for further research is discussed. 
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SAMENVATTING 
Nederland telde in 1979 meer dan een miljoen lichamelijke gehandicap-
ten. Het percentage lichamelijk gehandicapten neemt toe naarmate de leef-
tijd hoger is. Ten gevolge van wijzigingen in de leeftijdsopbouw van de 
bevolking wordt het aantal gehandicapten van vijf jaar en ouder voor het 
jaar 1990 geschat op 1.300.000. Verwacht mag worden dat het aantal mensen 
met een funktiebeperking zal toenemen met ca 12% per tien Jaar, waarbij met 
name het aantal zintuiglijk gehandicapten (horen, zien) en het aantal men-
sen met een stoornis in de loopfunktie de grootste stijglngspercentages te 
zien zullen geven. De percentages mensen die een (revalidatie) voorziening 
behoeven ter compensatie van een funktiebeperking blijken het hoogst voor 
de funkties lopen (66%), horen (46%), zien (35%) en mictie/defaecatie (23%) 
*. 
In dit proefschrift neemt de revalidatie van motorische stoornissen 
ten gevolge van een beschadiging aan het (centrale of perifere) zenuwstel-
sel een centrale plaats In. Zoals in hoofdstuk 1 is aangegeven wordt 
revalidatie door de World Health Organization omschreven als het 
gekoördineerd en gekombineerd gebruik van maatregelen op medisch, sociaal, 
arbeidstechnlsch en onderwijskundig terrein die de gehandicapte op de voor 
hem/haar optimale plaats moeten helpen (Bangma, 1978). In dit proefschrift 
wordt de term revalidatie echter in een meer engere zin gebruikt en 
verwijst met name naar het (her-)leren van motorische kontrole, zoals dat 
plaatsvindt binnen de fysiotherapeutische en ergotherapeutische praktijk. 
Twee andere begrippen die In deze kontekst om verduidelijking vragen zijn 
de termen handicap en beperking. In deze studie worden deze begrippen (han-
dicap, disorder, impairment) soms door elkaar gebruikt. Het is echter 
gebruikelijk hier een onderscheid tussen te maken. Beperking duldt op het 
aanwezig zijn van een funktiestoornis (bijv. amputatie leidt tot 
verslechtering in de loopfunktie). Een beperking leidt echter niet in alle 
gevallen tot een handicap. Dit is o.a. afhankelijk van de attitude van de 
persoon, zijn/haar beroep, sociale omgeving etc. De term handicap wordt dus 
veel meer gereserveerd voor situaties waar ook sprake is van sociale en 
maatschappelijke invoegingsproblemen. Het begrip handicap is dus in zekere 
zin relatief. 
Het doel van het proefschrift is niet om het veld van de revalidatie 
in zijn volle breedte te beschrijven doch is gericht op een specifiek doch 
belangrijk onderdeel hiervan: de training van motorische vaardigheden. 
Vanuit de psychologie is hieraan de laatste jaren een bijdrage geleverd. 
Met name de begrippen informatie en terugkoppeling (feedback) stonden hier 
centraal. Er werd vanuit gegaan dat voor het leren cq herleren van motor-
ische kontrole informatie aangaande het succes of falen van een poging 
noodzakelijk is. Daar waar patiënten, als gevolg van een (neurologische) 
stoornis, niet kunnen putten uit de normale bronnen (zien, horen, taktiele, 
proprioceptieve informatie) zou het mogelijk zijn deze aan te vullen met 
een artificiële bron van sensorische informatie. Deze informatie zou de 
patient de gelegenheid geven weer kontrole te kunnen uitoefenen over de 
(verstoorde) motorische funktie. Het inschakelen van de biofeedback 
* Rapport Studiedag Revalidatieonderzoek: werkgroep revalidatie 
motorisch gehandicapten, projektgroep zintuiglijk- en orgaan 
gehandicapten. Enschede, januari, 1981. 
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technologie in de training van patiënten met motorische problemen was op 
deze gedachte gebaseerd. Met name de terugkoppeling van het (elektrische) 
aktlvlteltsnlvo van de spler(en) Is veelvuldig toegepast (EMG feedback). 
Ondanks de soms spektakulaire resultaten Is echter nog steeds niet 
duidelijk Inhoeverre EMG feedback werkelijk tot betere resultaten leidt dan 
konventlonele fyslotherapeutlsche technieken. Het beantwoorden van deze 
vraag is het primaire doel van dit proefschrift. Nadat In hoofdstuk 1 het 
terrein Is afgebakend wordt In hoofdstuk 2 een uitgebreid overzicht gegeven 
van de klinische toepassingen van EMG feedback (en andere vormen van 
artificiële sensorische Informatie), gedurende de laatste twintig Jaar. 
Gekonkludeerd moet worden dat met name de generallsatiewaarde van de 
behaalde resultaten (toegenomen kracht, EMG output of bewegingsuitslag) 
onduidelijk is. Lang niet altijd kan de geoefende "vaardigheid", bijvoor-
beeld het heffen van de voet (dorsiflexie) zinvol worden ingeschakeld in 
een funktioneIe handeling (bijv. lopen). Het gebrek aan follow-up studies 
en methodologisch verantwoorde groepsstudies vertroebelen het beeld verder. 
Kortom, de vraag naar de (mogelijke) superioriteit van artificiële sensor-
ische feedback procedures ten opzichte van konventlonele fyslotherapeu-
tlsche procedures kan (nog steeds) niet eenduidig worden beantwoord. Om dit 
antwoord wat dichterbij te brengen worden in hoofdstuk 3 en 4 twee 
groepsstudies besproken. In hoofdstuk 3 dienden gezonde proefpersonen een 
voor hen volledig nieuwe en moeilijk uit te voeren beweging te leren (nl. 
het van de voet af bewegen (abductie) van de grote teen zonder dat de 
gehele voet of de andere tenen meebewegen). Het leren van deze beweging, 
werd gezien als een analogie voor het leren In een revalidatie situatie, en 
vond plaats onder verschillende informatie konditles. ledere groep (van 
tien proefpersonen) trainde onder een bepaalde informatie konditle. De kon-
ditles varieerden wat betreft de hoeveelheid aangeboden Informatie. 
Bijvoorbeeld: groep 1 had slechts de beschikking over de proprloceptleve 
informatie, bij groep 2 werd ook visuele informatie toegevoegd, groep 3 had 
bovendien de beschikking over taktiele informatie. Voor de groepen 4 en 5 
was naast deze normale, "natuurlijke" bronnen van informatie ook 
artificiële sensorische feedback beschikbaar In de vorm van kracht- en 
EMG-feedback. Het bleek dat de proefpersonen in deze laatste konditles de 
gevraagde beweging beter leerden dan de proefpersonen In de "natuurlijke" 
feedback konditles. Deze studie met normale proefpersonen leek aan te 
geven dat artificiële sensorische feedback inderdaad tot betere (motor-
ische) leerresultaten leidde. 
In hoofdstuk 4 wordt de vraag gesteld naar de aard van deze 
artificiële informatie. Funktioneert de informatie als een substituut voor 
de (evt. verstoorde) proprloceptleve feedback zoals door verschillende 
auteurs is aangegeven of is de funktie die van een extra toegevoegde, 
uiterst specifieke vorm van kennis van resultaten (KR)? Om dit te toetsen 
wordt het effekt van feedback vertraging op het leerresultaat bestudeerd. 
Immers, uit de literatuur blijkt dat een vertraging van de intrinsieke, 
proprloceptleve informatie leidt tot verslechtering in de uitvoering van 
taken, terwijl dit effekt niet wordt gevonden bij vertraging van de KR. Uit 
de resultaten blijkt dat EMG feedback vertraging weliswaar leidde tot een 
kleine verslechtering van het leerresultaat doch dat het verschil met het 
resultaat behaald in de onmiddellijke EMG feedback kondltie niet signifi-
kant is, hetgeen beschouwd wordt als een aanwijzing dat niet de onmid-
dellijkheid van de EMG feedback de cruciale faktor vormt maar de specifici-
teit van de informatie. 
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Het EMG wordt bij de toepassing van EMG feedback niet alleen gebruikt 
als een Informatie medium voor patient en therapeut doch dient ook meer-
maals als een parameter voor therapie evaluatie. In hoofdstuk 5 wordt 
nagegaan welke de effekten zijn van vermoeidheid en taakherhallng op het 
oppervlakte elektromyogram. Dit zijn variabelen die een rol spelen bij 
ledere EMG feedback sessie. Het blijkt dat door vermoeidheid de ratio 
tussen EMG en kracht output veranderde en wel In de richting van een minder 
efficient spierproces. Belangrijk Is verder dat vermoeidheid leidt tot een 
sterke stijging van de EMG aktlvltelt. Met name dit laatste kan gemakkelijk 
lelden tot foute Interpretaties door therapeuten, die In de stijging een 
aanwijzing kunnen zien van een toegenomen splerbeheerslng door de patient. 
Er wordt In dit hoofdstuk gewaarschuwd voor een onkritisch gebruik van het 
oppervlakte elektromyogram. 
Na hoofdstuk 5 verlaten we het laboratorium. Het Intermezzo tussen 
hoofdstuk 5 en 6 dient als een korte Inleiding op deze stap. De 
hoofdstukken 6 en 7 vormen de neerslag van het klinische werk. Uit de in 
hoofdstuk 6 gerapporteerde klinische groepsstudle blijkt echter dat de 
positieve resultaten zoals beschreven in de hoofdstukken 3 en 4 in de 
kliniek (met patiënten) niet gerepliceerd konden worden. Er blijkt wat 
betreft de bewegingsuitslag van de voet (dorsiflexle) en de kwaliteit van 
het looppatroon geen signifikant onderscheid aantoonbaar tussen de patiën-
ten geoefend met behulp van EMG feedback en de patiënten geoefend door mid-
del van een konventlonele fysiotherapeutische techniek (HDT). Ook in 
hoofdstuk 7 waar o.a. vijf n»l studies worden gerapporteerd Is geen sprake 
van een eenduidig resultaat. Slechts één van de vijf behandelde patiënten 
verbeterde opvallend, terwijl bij de overige van verbetering geen sprake 
was. In beide hoofdstukken wordt de dlskussle gestart hoe deze tegenval-
lende klinische resultaten verklaard kunnen worden. Met name het verschil 
tussen bewegingsgerlcht oefenen en handelingsgericht oefenen speelt In deze 
dlskussle een belangrijke rol. EMG feedback kan worden beschouwd als een 
oefenprocedure die met name gekenmerkt wordt door een sterke gerichtheid op 
de training van afzonderlijke spieren of spiergroepen, dus op de training 
van afzonderlijke bewegingen. De aandacht van de patient wordt vaak geheel 
gericht op de manipulatie van het aangeboden EMG signaal. (Motor)-leren 
moet echter niet worden gezien als het "optellen" van onafhankelijk van 
elkaar verworven elementen (bewegingen) doch als het leren van doelgerichte 
handelingen (actions). Deze maken het mogelijk dat mensen onder wisselende 
omstandigheden bewegingspatronen uit kunnen voeren. Het domineren van een 
sterke bewegingsgerichtheid in de therapie wordt gezien als een belangrijke 
faktor die de tegenvallende resultaten wat betreft de generallseerbaarheid 
naar dagelijkse aktiviteiten kan verklaren. In de hoofdstukken 8 en 9 
wordt leze dlskussle, die niet alleen van belang is voor de toepassing van 
EMG feedback doch ook voor de fysiotherapie, voortgezet. In hoofdstuk 8 
wordt tevens getracht de praktijk van de EMG feedback (en fysiotherapie) te 
koppelen aan de bestaande theoretische kaders met betrekking tot het leren 
(en kontroleren) van bewegingen. De belangrijkste theoretische visies op 
motor kontrole worden in dit hoofdstuk besproken (closed-loop theorieën, 
open-loop theorieën, schema theorie, heterarchische theorieën). In 
hoofdstuk 9 wordt de dlskussle over de tegenstelling tussen beweging en 
handeling (movement versus action) afgerond. De volgende nlvo's van kon-
trole (en van therapeutische interventie) worden in dit hoofdstuk onder-
scheiden; spieren — bewegingen — handelingen — routines. Er kan worden 
gekonkludeerd dat zowel de laboratorium experimenten als de (o.a. fysio-) 
therapeutische interventies zelden de nlvo's van de spieren en 
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afzonderlijke bewegingen overstijgen. Dit leidt vaak tot situaties die 
kunstmatig zijn en weinig van doen hebben met situaties In de werkelijkheid 
waar kompleksen van bewegingen moeten worden uitgevoerd. Op grond hiervan 
Is de vertaalbaarheid van de verkregen (therapie) resultaten naar situaties 
In het dagelijks leven gering. Het proefschrift eindigt met enkele aan-
bevelingen voor verbetering. 
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Stellingen behorende bij het proefschrift: 
THE LEAMING OF MOTOR CONTROL FOLLOWING BRAIN DAMAGE: EXPERIMENTAL 
AND CLINICAL STUDIES 
Theo Mulder 
1. Voor een gunstige ontwikkeling van de fysiotherapie zou het aanbeveling 
verdienen zowel de benaming bewegingstherapie als de inhoud ervan te 
veranderen in de richting van een handelingstherapie. 
2. Het gegeven dat fysiotherapie en ergotherapie in de kliniek als 
afzonderlijke therapeutische eenheden naast elkaar bestaan doet 
geen recht aan het feit dat de in elk van beide eenheden getrainde 
vaardigheden in het dagelijks leven onlosmakelijk met elkaar verbonden 
zijn. 
3. Het ontbreken van een daadwerkelijke integratie van wetenschappelijk 
onderzoek (theorie) en behandeling (praktijk) in de revalidatie is op 
de lange duur fnuikend voor verbetering van de therapie. 
4. Het gebruik van moderne elektronische apparatuur is geen garantie 
voor vooruitgang: EMG feedback impliceert in veel gevallen een terugkeer 
naar de klassieke revalidatie-principes van vó5r 1940, waar de nadruk 
eveneens lag op beheersing van afzonderlijke spieren. 
5. Het gedrag van veel jonge ouders wekt de indruk dat een aanzienlijke 
psychologische regressie van hun kant noodzakelijk wordt geacht voor 
een gezonde ontwikkeling van de pasgeborene. 
6. In Nijmegen ontstaan steeds langere wachttijden tussen de voltooiing van 
een dissertatie en de openbare verdediging ervan. Indien deze tendens 
doorzet zal bij gelijkblijvend personeelsbeleid de wachttijd weldra de 
totale aanstellingstijd overstijgen. 
7. Er kan worden gekonstateerd dat als gevolg van de publikatiedwang veel 
wetenschappelijke kongressen niet langer een plaats zijn waar (ook 
spekulatieve) ideeën worden getoetst en bediskussieerd doch veranderd 
zijn in fora waar wordt voorgedragen uit reeds voor publikatie geaccepteerd 
eigen werk. 
8. Op dit moment wordt in de psychologie een belangrijke rol gespeeld door 
de met name vanuit de Verenigde Staten geïntroduceerde "Action Psychology". 
Het feit dat deze als nieuw wordt gepresenteerd terwijl ze in feite 
grotendeels bestaat uit een herfonnulering van Europese en Russische 
theorieën uit het begin van deze eeuw, laat zien hoe belangrijk het is 
dat (Europese) psychologen hun eigen geschiedenis kennen. 
9. Daar waar het delen van een voordeur financieel wordt bestraft terwijl 
belastingfraudeurs grotendeels ongemoeid worden gelaten, wordt het 
gezegde "vuile politiek" tot een tautologie. 
10. Het verdient aanbeveling de naam en het telefoonnummer van de op dat 
moment in funktie zijnde staatssecretaris op het belastingaangifte 
formulier te vermelden. 
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